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ABSTRACT OF DISSERTATION 
 
 
 
 
TOWARDS ELUCIDATION OF A VIRAL DNA PACKAGING MOTOR 
 
Previously, gp16, the ATPase protein of phi29 DNA packaging motor, was an enigma 
due to its tendency to form multiple oligomeric states. Recently we employed new 
methodologies to decipher both its stoichiometry and also the mechanism in which the 
protein functions to hydrolyze ATP and provide the driving force for DNA packaging.  
The oligomeric states were determined by biochemical and biophysical approaches.  
Contrary to many reported intriguing models of viral DNA packaging, it was found that 
phi29 DNA packaging motor permits the translocation of DNA unidirectionally and 
driven cooperatively by three rings of defined shape. The mechanism for the generation 
of force and the role of adenosine and phosphate in motor motion were demonstrated.  It 
was concluded that phi29 genomic DNA is pushed to traverse the motor channel section 
by section with the aid of ATPase gp16, similar to the hexameric AAA+ family in the 
translocation of dsDNA.  A new model of "Push through a One-way Valve" for the 
mechanism of viral DNA packaging motor was coined to describe the coordinated 
interaction among the hexameric packaging ATPase gp16 and the revolution mechanism 
of the dodecameric channel which serves as a control device to regulate the directional 
movement of dsDNA. 
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Brief Summary 
 In the first chapter, an introduction to the phi29 DNA packaging motor will be provided 
in which the current knowledge and understanding of the phage will be outlined.  This section 
will discuss the three major components of this packaging motor and how they interact with one 
another to perform the process of translocating dsDNA inside a procapsid shell during phage 
maturation.  Next, early models of DNA packaging will be discussed in order to understand their 
limitations and how the new packaging model has been developed.  Each one of the three major 
components of the motor will then be analyzed with further detail in regards to its responsibility 
in the packaging process.  A new model will be proposed which takes into consideration the 
current understanding of all functioning units of the phage, and finally, current and potential 
applications of the phi29 motor in terms of nanotechnology and nanomedicine will be posed. 
 In the second chapter, the ATPase gp16 of the phi29 motor will be scrutinized in terms of 
its stoichiometry and function.  There has long been a debate on whether or not this protein exists 
as a pentamer or hexamer on the base of phi29.  A plethora of biochemical data will be provided 
in this chapter to validate the existence of a hexameric ATPase in solution and on the active 
packaging motor. 
 The third chapter focuses on the interaction of the ATPase gp16 with dsDNA and ATP.  
It was shown that the ATPase is a member of the AAA+ superfamily (ATPase Associated with 
diverse cellular Activities) of proteins and prefers binding to ATP which promotes a 
conformational change within the protein to increase it’s affinity toward the dsDNA substrate.  It 
was further proven that a power stroke occurs from the ATPase after hydrolysis of ATP to push 
itself away from the DNA, which relates directly to the translocation of the DNA inside the 
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prohead of the phage.  A new model termed “push through a one-way valve” has been proposed 
to describe the packaging mechanism. 
 Next, the fourth chapter will explain the coordinated mechanism of the ATPase.  It was 
recently discovered that the ATPase cooperatively binds and releases DNA between subunits to 
“hand off” the DNA substrate along the axis of the ATPase.  It was also shown that the ATPase 
can bind and move directionally along tethered genomic DNA using single molecule total 
internal reflection fluoroscopy.  Lastly, a revolving motor is described in which DNA 
translocation is regulated by making contact with the twelve subunits of the connector one-way 
valve portal protein. 
 Finally, in the fifth chapter, future directions to validate the findings herein will be 
examined.  Also, the state of the field will be discussed.  Lastly, analysis of how to translate 
DNA packaging to nanomedicine and nanotechnology will be provided.   
 
Hypothesis 
 Bacteriophage phi29 packages its own genomic DNA inside a viral procapsid via a 
sequential action revolving “push through a one-way valve” mechanism. 
   
Introduction 
 
Phi29: A tiny, powerful molecular motor  
 DsDNA viruses package their genomic DNA into a procapsid using a force-generating 
nanomotor powered by ATP hydrolysis. Viral DNA packaging motors are mainly composed of a 
portal protein with which dsDNA passes during phage maturation and two DNA packaging 
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enzymes. The procapsid is a shell used merely to store the packaged DNA prior to infection. 
However, phi29 bacteriophage is unique in that it contains an RNA component (1). It is this 
component that leads researchers to believe that phi29 is one of the earliest viruses from the 
RNA world.   The work presented here aims to elucidate the DNA packaging mechanism of this 
previously enigmatic virus.  
 The nanomotor of phi29 consists of an ATPase gp16, a hexameric packaging RNA ring 
(1), and a dodecameric connector with a central channel encircled by 12 copies of the protein 
gp10. All DNA packaging motors involve two DNA packaging components that are not fixed 
components in the purified procapsid. These components were classified in 1987 (2) into two 
categories according to their role in DNA packaging: the first category is the large subunit that is 
responsible for binding to the procapsid and contains an ATP binding consensus sequence; the 
second category is the smaller subunit which interacts with DNA (2).The channel serves as a 
path for dsDNA translocation. The ATPase gp16 converts energy from ATP hydrolysis into 
physical motion (2) and has recently been shown to be a member of the AAA+ family of proteins 
(3, 4).  This motor is of particular interest in nanotechnology because it is simple and robust in 
structure and is functional when assembled from purified components in vitro (5).  
Early Models of DNA Packaging  
 Many years have passed in a quest to understand the mechanism of viral DNA packaging 
and several different models have been proposed. These include, but are not limited to, the 
following: 1) DNA compression and relaxation (6-8), 2) force of osmotic pressure (9), 3) ratchet 
mechanism(10), 4) Brownian motion (11), 5) five-fold/six-fold mismatch connector rotating 
thread (12), 6) supercoiled DNA wrapping(13), 7) sequential action of motor components (14, 
15), 8) electro-dipole within central channel(16), 9) connector contraction hypothesis (17), and 
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10) connector rotation model (16). However, none of these models have been conclusively 
supported by experimental data. There are cases where some models have been validated in one 
viral system but refuted in other systems. The 5-fold/6-fold mismatch connector rotation model, 
first proposed in 1978, was popular since it described the perpetual motion of the motor (12). 
This mechanical motor prototype has been prevalent based on the mismatch between the 5-fold 
symmetry of capsid at the vertex and 6-fold symmetry of the connector, which is a twelve-
subunit dodecamer. Years later, however, another model was proposed in which the connector 
revolved during DNA packaging (16). In this model, the positively charged lysine residues inside 
the highly negatively-charged connector channel were thought to interact favorably with the 
negatively charged phosphate backbone of DNA in the process of driving the DNA into the 
procapsid. However, both the proposed connector rotation model (16) and the five-fold/six-fold 
mismatch connector rotating thread model (16) (18) have been invalidated by single molecule 
studies through fluorescent labeling of the connector (19) and by testing with connector cross-
linking experiments (20, 21).  
 In 1998, it was proposed by Guo that the mechanism of viral DNA packaging motors is 
similar to that of the hexameric AAA+ ATPases that translocate along the strands of DNA (3).  
The superfamily of AAA+ proteins is a large group of enzymes that function in chromosome 
segregation, nucleic acid replication, DNA repair, genome recombination, viral DNA packaging, 
and translocation of cellular components (22, 23)}. Many of these motors display hexameric 
arrangements that facilitate DNA motion triggered by ATP (24-26).  Based on the hexameric 
structure of pRNA (3, 27, 28), it was proposed that the mechanism of the phi29 viral DNA 
packaging motor is similar to that used by other hexameric DNA tracking motors of the AAA+ 
family (3). Recently, X-ray diffraction, AFM imaging, and single molecule studies have 
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confirmed that the motor consists of three-coaxial rings geared by a hexameric RNA, a 
hexameric ATPase gp16, and a dodecameric motor channel that only allows for the movement of 
dsDNA unidirectionally (4, 16, 29-34). Single molecule techniques have also been applied to 
study phi29 DNA packaging mechanisms. Motion of the DNA during packaging by a single 
phi29 motor was directly observed (30, 35). In addition, using optical tweezers, DNA packaging 
speed and force were measured for an individual motor complex (15, 36, 37). A mechanism of 
coordinative interaction among motor subunits was proposed to elucidate the packaging process 
(15). Concurrently, it has also been discovered that the motor utilizes a simple, yet novel 
revolution mechanism to translocate dsDNA, rather than the perceived rotational mechanism 
lending to undesirable coiling forces (4, 34).  
Connector Portal Protein  
 As documented in many phage systems (2, 33, 38, 39), the ATPase, or terminase as it is 
called in many systems, plays a key role in transporting the DNA into the procapsid. However, 
the role of the connector in DNA translocation remained unidentified. The central channel of 
connector allows viral DNA to enter into the procapsid during maturation and exit during 
infection. Structural analysis showed that the connector contains three layers consisting of two 
hydrophilic layers separated by a hydrophobic layer. Utilizing this characteristic, phi29 
connector was successfully embedded into a planar lipid membrane, and dsDNA translocation 
through the channel was studied by electrophysiological measurements (40-42). During 
translocation, DNA physically obstructs the connector channel, which shows up as a blockage of 
current.  This new method has facilitated the proposal of a pump and valve mechanism for 
bacteriophage phi29 DNA packaging motor (38, 43)  which has been validated in recent reports 
(41, 44, 45).  
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 The successful insertion of the connector channel into bilayer lipid membrane made it 
possible to study dsDNA translocation through the channel using a single channel conductance 
assay (41, 42). Events of DNA translocation only occurred at one voltage polarity, demonstrated 
by numerous current blockades, while no events occurred at the other voltage polarity (41). 
Moreover, it was demonstrated that multiple channel insertions in the lipid membrane affects the 
frequency of DNA translocations due to their different orientation arrangements (41). These data 
demonstrate that phi29 connector only allows DNA trafficking in one direction. Furthermore, 
using antibody or gold particles to bind to the tag-conjugated C-terminal, the proper orientation 
of the connector for DNA translocation was probed to be from the N-terminus to C-terminus, the 
same direction that DNA traverses during packaging. 
Previous findings showed that both partially and completely packaged phi29 dsDNA 
remained inside the viral procapsid during packaging (2, 46). In addition, the packaged DNA 
was able to remain inside the procapsid under high centrifugal force (41), in agreement with the 
one-way traffic mechanism of DNA translocation through the membrane embedded connector 
channel. This suggested that the phi29 DNA packaging is unidirectional against large internal 
forces and endorsed the pushing or injection model suggested previously (38). The connector 
may experience conformational change after the DNA packaging and restructure the channel to 
facilitate the DNA ejection during viral infection.  
 Moreover, the phi29 connector channel was found to be stable under even extreme pH 
conditions (40). Single pore conductance assays of membrane-embedded connector showed that 
the connector remains open with uniform channel conductance under extreme pH and both the 
conductance and the membrane insertion orientation of the channel are independent of the pH. 
While DNA translocation events were still observed at these extreme conditions, formation of 
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apurinic acid at pH 2 led to shorter current blockade events. Overall, the connector retains its 
stable channel properties under strong acidic or alkaline conditions despite the inherent effect on 
DNA structure.  Furthermore, the mutation of the basic lysine residues inside the connector 
channel wall or the use of extreme pH, which alter the lysine charge, did not measurably impair 
DNA translocation or affect the one-way traffic property of the channel (40).  
 The structural study of the phi29 connector showed that there are 48 positively charged 
lysine residues in the inner channel (four 12-lysine rings from the twelve gp10 subunits). It was 
believed that these positively charged rings could play an important role in DNA translocation 
through the channel in that they may interact with the negatively charged phosphate backbone of 
dsDNA during DNA translocation (16). Different mutations were introduced to these lysine 
residues in order to study the effect of lysine rings. The effects on channel size, procapsid 
assembly, dsDNA translocation, and connector outer surface charge distribution were assessed 
through their interaction with the lipid membrane, by single-pore conductance, direction of 
dsDNA translocation, efficiency of DNA packaging, and the production of infectious virions. 
Furthermore, these assays were performed in both acidic and basic environments to investigate 
the role of the lysine residues in dsDNA translocation and dsDNA trafficking direction (44). 
These studies showed that the basic lysine residues were not involved in viral DNA packaging 
and did not affect the direction of DNA trafficking through the channel, with one exception when 
residue 234 was mutated from lysine to alanine.  In this connector mutant, less virion production 
was observed, which can most likely be attributed to the DNA ejection step rather than 
packaging (44). 
 However, the mutations of lysine residue 200 and/or 209 to alanine (K200A, K209A, or 
both) were discovered to have low efficiency in procapsid assembly in which the connector acts 
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as a nucleating core (47-55). Additionally, connectors with single K200A and K209A mutations 
were competent, yet more difficult for insertion into the lipid membrane compared to wild-type 
connectors, and the double mutant K200A/K209A connector could not be inserted into the lipid 
membrane (44). The difficulty in membrane insertion indicates that these mutations may have 
altered the surface charge of the connector, which could affect the insertion efficiency. The other 
mutant K234A connector showed the same membrane insertion efficiency as the wild-type 
connector, indicating that the K234 mutation did not significantly alter the connector surface 
charge (44). 
 Lastly, the channel size of the lysine mutant connectors can be deduced from the single 
channel conductance assays. Upon connector insertion into the lipid membrane, discrete current 
jumps were observed under an applied voltage, representing the open-pore current amplitude. 
When DNA passes through the channel, the capacity of the electrolyte ion passage is reduced 
resulting in transient current blockade events. Since the diameter of dsDNA is 2 nm and the size 
of the narrowest region of the wild-type connector channel is 3.6 nm, the ratio of the cross-
sectional area (represented by the ratio of the open-pore current and the current during the DNA 
blockade) can be used as a parameter to estimate the channel size at the narrowest point. From 
conductance measurements, the size of mutant connectors K200A and K209A were determined 
to be 3.7 nm and 3.6 nm respectively, which was similar to the wild-type connector. However, 
two different pore sizes were observed for the K234A mutant: 3.6 nm (diameter), which is 
similar to wild-type connector, and 3.0 nm (diameter), which is significantly smaller than wild-
type. The reduced channel size of K234A in turn made it impossible for dsDNA translocation 
driven by electrical force and possibly affected dsDNA ejection in viral infection (44). The 
results indicated that the four lysine rings within the phi29 connector channel are not involved in 
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the active translocation of dsDNA and support the “Push through a One-way Valve” model of 
the dsDNA packaging mechanism. 
Packaging RNA  
Years of research have gone into determining the structure and function of pRNA as it is 
unique to phi29 bacteriophage. pRNA is 117 nucleotides (nt) in length and folds into a complex 
structure consisting of two major domains: the first domain is a helical region with an open 5'/3' 
end and the second component is an interlocking domain containing its core stability.  In the 
center of pRNA is a thermo-stable three way junction (3WJ) motif (56, 57). The loops allow for 
intermolecular interactions between pRNA monomeric units and the creation of dimeric, 
tetrameric, and even hexameric rings (58).  
pRNA (1, 30, 59) has been found to serve as a foothold for the ATPase gp16 (60). It is 
believed that pRNA dimers are the building blocks that form the completed ring. This pRNA was 
demonstrated to be indispensible in DNA packaging and viral assembly. It has been found that 
the pRNA mediates the binding of the motor ATPase, gp16, to procapsid, indicating the role of 
pRNA in motor function may be to serve as a hinge to connect motor components and thus gear 
the motor (60). Formation of the hexameric ring within the motor has been revealed through a 
series of experiments, including concentration-dependent curves (61); binomial distribution of 
mutant and wild-type pRNA (62); stoichiometric calculations showing a common factor of 2 and 
3 (3); single molecule photobleaching (30); gold and ferritin labeling of pRNA (32); AFM 
imaging (4, 33, 34); and X-ray crystallography (63).   
Analysis of the secondary structure of pRNA revealed that it contains two structural 
domains which could fold independently. Its central loop region contains two interlocking loops 
and is responsible for its intermolecular interactions to form a hexameric ring, as well as its 
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binding to the procapsid, while its double-helical 5’/3’ paired region is essential in DNA 
packaging (64-68) and for the binding of the ATPase gp16 to bring it into proximity to the 
connector (60). It has also been revealed that pRNA contains an ATP-binding motif (69), 
However, pRNA itself does not display ATPase activity. It is expected that the ATPase active 
center is a complex of the entire motor and the ATPase action is a collective effort. Indeed, in the 
absence of pRNA, the ATPase activity of the ATPase gp16 is extremely low (2, 69, 69-72, 72). 
Additionally, it was revealed that the C18C19A20 bulge in the double-helix domain is 
vital for DNA packaging; however, it is dispensable for procapsid binding (60, 67, 73). Further 
study on the role of the CCA bulge in DNA packaging revealed that the size and location rather 
than the sequence of the bulge are important for the proper orientation of the double-helical 
domain, which is hypothesized to be pertinent to making the correct contact between gp16 
docked on pRNA and the genomic DNA. Lastly, the CCA bulge has been suggested to serve as 
the fulcrum in which the ATPase uses as a hinge to drive the motor (74). 
Packaging ATPase gp16 
As previously mentioned, it was recently determined that the packaging ATPase gp16 is a 
member of the classical AAA+ superfamily of proteins.  When evidence of the pRNA hexamer 
was uncovered, it was proposed by Guo and co-workers (3) and subsequently supported by other 
authors (3, 16, 75) that viral DNA packaging is similar to the mechanism in DNA replication and 
RNA transcription, and that the mechanism responsible for those important phenomena can be 
correlated to the mechanism of viral DNA packaging. Moreover, like almost all DNA and RNA 
packaging motors, it was hypothesized that gp16, the ATPase in the phi29 packaging motor, 
belonged to the superfamily of AAA+ proteins (ATPases Associated with many cellular 
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Activities) (3, 60).  Further sequence alignment and computer modelling revealed the critical 
Walker A (G/A-XXXXGK(T/S)) and Walker B motifs ((R/K)XXXXGXXXXLhhhhD), where 
G, A, K, T, S, R, L, and D denote glycine, alanine, lysine, threonine, serine, arginine, leucine, 
and aspartic acid residues respectively, X represents any of the 20 standard amino acids, and h 
denotes a hydrophobic amino acid.  The phosphate-binding loop (P-loop) is typically identified 
as the ε-NH2 of lysine in the Walker A motif in which the phosphate group of ATP is bound. It 
was previously shown that any mutations to Walker A motif of phi29 gp16 abolished its ATPase 
and DNA packaging activity (2). The Walker B motif is typically a β-strand consisting of four 
hydrophobic acids with a conserved aspartate, which coordinates magnesium, and is usually 
followed immediately by a conserved glutamate, which is responsible for ATP hydrolysis.  
All cellular and dsDNA viral initiators possess a common adenine nucleotide-binding 
fold belonging to the AAA
+
 family with a ubiquitous characteristic of coupling chemical energy 
from ATP hydrolysis to mechanical motion. The AAA+ family of ATPases assemble into 
oligomers, often hexamers, which form ring-shaped structures with a central channel.  This large 
family of proteins are extremely diverse in function associated with a multitude of different 
cellular activities and implicated in many others. However, the common characteristic of this 
family is their ability to convert chemical energy from the hydrolysis of the gamma phosphate 
bond of ATP into a conformational change inside the protein. This change of conformation 
generates a loss of affinity for the substrate and a mechanical movement, which is used to make 
or break contacts between macromolecules, resulting in local or global protein unfolding, 
assembly or disassembly of complexes, or transport of macromolecules relative to each other. 
These activities underlie processes critical to DNA replication and recombination, chromosome 
secretion, membrane sorting, cellular reorganization, and many others (76).   
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In past years, models based on EM reconstruction have suggested gp16 exists as a 
pentameric structure (15, 77). However, recent biochemical studies on the oligomerization of 
g16, based on native gel electrophoresis, stoichiometric ratio binding assays, analytical 
ultracentrifugation, and mutant inhibition studies, have indicated that gp16 is a hexamer in 
solution (4), with an oligomerization pathway starting from the monomer to form a dimer which 
assembles into a tetramer and finally a hexamer (4) (Chapter 2).  Furthermore, the sequential 
action among the ATPase and additional motor components is the most important event in force 
generation. It has been revealed that the contact of ATPase gp16 to ATP resulted in its 
conformational change to a higher binding affinity toward dsDNA (78).  It was also found that 
ATP hydrolysis led to the departure of dsDNA from the ATPase/dsDNA complex, an action that 
might be the key step to push dsDNA to move along the connector channel (78) (Chapter 3).   
Most recently, the cooperativity among the subunits of the motor ATPase has been 
revealed (Chapter 4).  Hill constant calculations have revealed a sophisticated and coordinated 
action that involves revolution of the DNA around the gp16 subunits which ultimately contact 
the inner residues of the connector channel as well.  It is believed this simple method of ‘handing 
off’ the DNA substrate around the motor ATPase leads to sequential steps of packaging.  
Furthermore, motion of the ATPase gp16 along the DNA has also been observed and is 
suggested to represent the force generation step in an active phage.      
“Push Through a One-Way Valve” Revolution Mechanism for Viral DNA Packaging 
 DNA packaging into a preformed protein shell (procapsid) is a characteristic of dsDNA 
viruses in bacteriophages, herpesviruses, and adenovirues. Most viral procapsids are a few tens 
of nanometers in diameter, while the viral genomes are several micrometers in length. EM 
images revealed that the packaged viral DNA inside the small procapsid can be condensed to 500 
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mg/mL, comparable to near liquid crystalline density (79, 80). High internal pressure exists 
inside the procapsid during DNA packaging (36, 37, 81, 82), and this energetically unfavorable 
process is accomplished by packaging motors powered by ATP hydrolysis through a DNA and 
procapsid dependent ATPase (2, 5). 
 As stated previously, we have recently revealed that both the pRNA and the ATPase 
gp16 of bacteriophage phi29 DNA packaging motor are hexameric, and DNA packaging is 
accomplished via a “Push through One-way valve” mechanism. In this proposed model, the 
ATPase gp16 pushes dsDNA through the static connector channel section by section into the 
procapsid. The dodecameric connector channel functions as a valve that only allows the dsDNA 
to enter but not exit the procapsid during DNA packaging. Although the roles of the ATPase 
gp16 and the motor connector channel are separate and independent, pRNA bridges these two 
components to ensure the coordination of an integrated motor.  
 Our data indicates that ATP induces a conformational change in gp16, leading to its 
stronger binding to dsDNA.  Furthermore, ATP hydrolysis led to the departure of dsDNA from 
the ATPase/dsDNA complex, an action used to push dsDNA through the connector channel. 
Many packaging models have been contingent upon the number of base-pair packaged per ATP 
relative to helical turns for B-type DNA. Both 2 and 2.5 base pairs per ATP have been used to 
argue for four, five or six discrete steps of DNA translocation. The “Push through One-way 
Valve” mechanism again raises the question of dsDNA packaging energy calculations and 
provides insight into the discrepancy between 2 and 2.5 bp per ATP as previously calculated. It 
is suggested that the number of base pairs per consumed ATP is directly related to not only the 
pushing action of gp16 but the contact of dsDNA with the interior channel of the connector.   
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Conclusions 
 In the next three chapters, it will become evident how the research presented lends to the 
hypothesis of the overall dissertation. In Chapter 2, the stoichiometry of the ATPase is 
thoroughly examined and determined empirically to be hexameric.  Chapter 3 focuses on the 
sequential action of the ATPase with its two main ligands, DNA and ATP.  Finally, Chapter 4 
culminates all the data from the previous two chapters, provides new insights into the 
cooperativity of the ATPase, and suggests a simple mechanism for DNA translocation into the 
head of the phage. 
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Chapter 2. The Hexameric Fold of the Packaging ATPase 
This chapter (with some modification) is in press at Virology under the title “The ATPase of the 
Phi29 DNA Packaging Motor is a member of the Hexameric AAA+ Superfamily”. Special 
thanks to Dr. Gian Marco De Donatis for help in preparation of data for figures 2.3 and 2.4; Dr. 
Huaming Fang for help in preparation of data for figures 2.3 and 2.5; and Lei Lin for help in 
preparation of data for figure 2.2B. 
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Abstract 
  
The AAA+ superfamily of proteins is a class of motor ATPases with variety of functions 
and typically exist as hexamers. The ATPase gp16 of phi29 DNA packaging motor has long been 
a subject of debate concerning stoichiometry and mechanism of action. Here, we confirmed the 
stoichiometry of phi29 motor ATPase as a hexamer and provide strong data to suggest that this  
ATPase is a member of the classical hexameric AAA+ superfamily. Native PAGE, EMSA, 
capillary electrophoresis , ATP titration, and binomial distribution assay revealed the 
stoichiometry of the ATPase as hexamer. Mutations to the consensus ATPase motifs validated 
our previous assumptions that the protein exists as another member of this AAA+ superfamily.   
Our data also supports the finding that the phi29 DNA packaging motor uses a revolution 
mechanism without rotation or coiling. 
Introduction 
 
 The superfamily of AAA+ motors (ATPases Associated with diverse cellular Activities) 
plays a key role in several assorted functions, and many members of this clade of ATPases often 
fold into hexameric arrangements (24, 83). Despite their diversity, the common characteristic of 
this family is their ability to convert chemical energy from the hydrolysis of the γ-phosphate 
bond of ATP into a conformational change inside the protein. This change of conformation 
generates a loss of affinity to its substrate and a mechanical movement, which in turn is used to 
either make or break contacts between macromolecules, resulting in local or global protein 
unfolding, assembly or disassembly of complexes, or transport of macromolecules relative to 
each other. These activities underlie processes critical to DNA repair, replication, recombination, 
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chromosome segregation, dsDNA transportation, membrane sorting, cellular reorganization, and 
many others (22, 23).  
DsDNA viruses package their DNA genome into a preformed protein shell called a 
procapsid, with the aid of a nanomotor (33, 38, 44, 84). Since 1978, it has been popularly 
believed that viral DNA-packaging motors run through a five-fold/six fold mismatch rotation 
mechanism (12). An RNA component (pRNA) was discovered on the phi29 DNA packaging 
motor (1), and subsequently, pRNA was determined to exist as a hexameric ring (3, 27). Based 
on this structure, it was proposed that the mechanism of the phi29 viral DNA packaging motor is 
similar to that used by other hexameric DNA tracking motors of the AAA+ family of proteins 
(3). A fervent debate subsequently developed concerning whether the RNA and ATPase of the 
motor exist as hexamers (3, 27, 30, 31, 33, 63, 85) or as pentamers (15, 86). The differing 
viewpoints have not yet been fully reconciled, but we have recently shown by X-ray diffraction, 
AFM imaging, and single molecule studies that the motor consists of three-coaxial rings geared 
by hexameric pRNA (63) (Figure 2.1). The force generation mechanism of the phi29 DNA 
packaging motor is still under scrutiny (15, 33, 41, 44, 45, 78, 87).   
 The phi29 DNA packaging motor reconstituted in the defined system over twenty years 
ago (5) is one of the most well-studied biomotor systems and has also proven to be one of the 
most powerful molecular motors (36, 37), capable of generating forces up to 57-110 pN. The 
DNA packaging mechanism has been scrutinized extensively and is still under fervent debate (3, 
18, 19, 27, 28, 30, 36, 80, 87-100).  The motor is composed of a dodecameric connector at the 
vertex of the procapsid, geared by a pRNA ring (1) which encircles the N-terminus of the 
connector (31, 101, 102) , and a ring of gp16 which functions as an ATPase to drive the motor 
(2, 72). The connector was recently revealed to only allow for unidirectional movement of 
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dsDNA (41), and a model using a “push through a one-way valve” mechanism was described 
(44, 78) which agrees nicely with the previously proposed ratchet (103) and compression (104, 
105) models.  This mechanism describes dsDNA as being pushed through the connector channel 
by the ATPase gp16 while the connector functions like a valve to prevent DNA from slipping out 
of the capsid during the packaging process (38, 39, 84, 106).  This entropically unfavorable 
process is accomplished by a DNA-packaging motor that uses ATP as an energy source.    
 The ATPase gp16 is the most pivotal part of the phi29 DNA packaging motor. It provides 
energy for the motor by hydrolyzing ATP, converting energy obtained from breaking a chemical 
bond into physical motion. This enzyme possesses the typical Walker A and Walker B motifs (2) 
as in many other well-characterized AAA+ proteins (107, 108). The protein has been shown to 
bind to the 5’/3’ paired helical region of pRNA (60, 109), and furthermore, its ATPase activity 
could be stimulated by both pRNA and DNA (2, 70-72).  Intermediates in DNA packaging have 
been isolated (36, 46, 109, 110), and models of gp16 supercoiling dsDNA have been proposed 
(13, 109).  
 Here, the oligomeric state of the ATPase has been extensively investigated in order to 
better understand the DNA translocation mechanism.  We conclusively determined that the 
motor ATPase forms a hexamer in a concentration dependent manner and upon binding to its 
substrate dsDNA.  Furthermore, the major motifs of the ATPase have now been identified and 
we have shown through mutation analysis that the phi29 ATPase is a member of the hexameric 
AAA+ superfamily.    
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Materials and Methods 
Cloning, mutagenesis and protein purification 
The engineering of eGFP-gp16 and the purification of gp16 fusion protein have been 
reported previously (111). The eGFP-gp16 mutants G27D, E119A, and D118E E119D were 
constructed by introducing mutations to the gp16 gene (Keyclone Technologies, Cincinnati, 
OH).  
Measurement of gp16 ATPase activity 
  Enzymatic activity via fluorescent labeling was described previously (70). Simply, a 
phosphate binding protein conjugated to a fluorescent probe which senses the binding of 
phosphate was used to assay ATP hydrolysis.   
In vitro virion assembly assay 
 Purified in vitro components were mixed and subjected to the virion assembly assay as 
previously described (112). Briefly, newly assembled infectious virions were inoculated with 
Bacillus bacteria and plated.  Activity was expressed as the number of plaques formed per 
volume of sample (pfu/mL). 
Statistical analysis and data plotting.  
Most statistical analysis was performed using Sigmaplot 11. The Hill coefficient was 
determined by nonlinear regression fitting of the experimental data to the following equation: E= 
Emax*(x)
n
/(kapp +(x)
n
), where E and Emax refer to the concentration of the gp16/DNA complex, X 
is the concentration of ATP or ADP, Kapp is the apparent binding constant, and n is the Hill 
coefficient. 
4B 
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CE experiments to determine ratio of gp16 to bound dsDNA 
CE (capillary electrophoresis) experiments were performed on a Beckman MDQ system 
equipped with double fluorescent detectors (at 488 nm and 635 nm excitation wavelength). A 
bare borosilicate capillary with a total length of 60 cm and a 50 µm inner diameter was used. The 
method used consisted of a 20 min separation at 30 kV constant polarity. Assay conditions 
contained separation buffer of 50 mM Tris-HCl 100 mM borate at pH 8.00, 5 mM MgCl2, 10% 
PEG 8000 (w/v), 0.5% acetone (v/v), 3 µM eGFP-gp16 monomer, and variable amounts of 
ATP/ADP and DNA. 
Native PAGE of eGFP-gp16 
 Increasing amounts of eGFP-gp16 were loaded onto a 6% tris-glycine polyacrylamide gel 
in conjunction with the Native PAGE Mark kit (Invitrogen, Grand Island, NY).  This 
commercially available Native PAGE Mark .uses a non-denaturing detergent to mildly solubilize 
and coat the protein with a negative charge.  Thus, the expectation of the gel is to separate solely 
on the basis of mass.  The gel was imaged using a Typhoon gel image scanner at an excitation 
wavelength of 488 nm. 
Atomic Force Microscopy (AFM) imaging 
 APS mica was obtained by incubation of freshly cleaved mica in 167 nM 1-(3-
aminopropyl) silatrane. The details of APS mica surface modification are described elsewhere 
(113, 114). The native PAGE purified RNA samples were diluted with 1xTMS buffer to a final 
concentration of 3-5 nM. Then, 5-10uL of pRNA was immediately deposited on APS mica. After 
2 min incubation on the surface, excess samples were washed with DEPC treated water and dried 
under a flow of Argon gas. AFM images in air were acquired using MultiMode AFM NanoScope 
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IV system (Veeco/Digital Instruments, Santa Barbara, CA) operating in tapping mode. Two 
types of AFM probes were used under tapping mode imaging in air: (1) regular tapping Mode 
Silicon Probes (Olympus from Asylum Research, Santa Barbara, CA) with a spring constant of 
~42 N/m and a resonant frequency between 300-320 kHz. (2) non-contact NSG01_DLC probes 
(K-Tek Nanotechnology, Wilsonville, OR) with a spring constant of about 5.5 N/m and a 
resonance frequency between 120-150 kHz. 
Electrophoretic Mobility Shift Assay (EMSA) 
The engineering of eGFP-gp16 and the purification of gp16 fusion protein have been 
reported previously (111).  The fluorescently tagged protein that facilitates detection and 
purification was shown to possess similar assembly and packaging activity as compared to 
wildtype (78, 111).  
Cy3-dsDNA (40 bp) was prepared by annealing two complementary DNA oligos 
containing a Cy3 label (Integrated DNA Technologies, Coralville, Iowa) at its 5’ ends and 
purified by a 10% polyacrylamide gel. Samples were prepared in 20 μl buffer A (20 mM Tris-
HCl, 50 mM NaCl, 1.5% glycerol, 0.1 mM Mg
2+). Specifically, 1.78 μM eGFP-gp16 was mixed 
with 7.5ng/μl of 40bp Cy3-DNA in the presence or absence of ATP and γ-S-ATP. Samples were 
incubated at ambient temperature for 20 min and then loaded onto a 1% agarose gel (44.5 mM 
Tris, 44.5 mM boric acid) and electrophoresed at 4°C for 1 hr at 8 V/cm. The eGFP-gp16 and 
Cy3-DNA samples were analyzed by a fluorescent LightTools Whole Body Imager using 488 
nm and 540 nm excitation wavelengths for GFP and Cy3, respectively.  
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Results 
Phi29 DNA packaging motor contains three coaxial rings  
The phi29 DNA packaging motor consists of three major structural components: the 
connector, pRNA, and ATPase gp16 (Figure 2.1).  Extensive studies (27, 30, 31, 62, 85, 115-
117) of the pRNA and recent crystal structure (63) has revealed that pRNA exists as a hexamer, 
as also confirmed by AFM (58).   This demonstrated that the three coaxial rings are connected to 
each other with appropriate stoichiometry.  
Native PAGE, EMSA, and CE Reveal Hexameric ATPase 
Fusion of eGFP to the N-terminus of gp16 resulted in fluorescent gp16 (eGFP-gp16) that 
showed similar biological activity as native gp16 (111). eGFP-gp16 produced six distinct 
fluorescent bands on a native PAGE gel, indicative of six monomers oligomerizing to form a 
hexameric quaternary complex (Figure 2.2A). In this experiment, we used the commercially 
available Native PAGE Mark from Invitrogen, which uses a non-denaturing detergent to mildly 
solubilize and coat the protein with a negative charge.  Thus, the expectation of the gel is to 
separate solely on the basis of mass.  In our gel of eGFP-gp16, the monomer and all even 
numbered oligomer bands had a higher intensity than the trimer and pentamer, suggesting that 
the assembly sequence is monomer to dimer to tetramer, and finally to hexamer, and that the 
final gp16 oligomeric state is likely a trimer of dimers, as seen in other ATPases (118, 118-120). 
In addition, as the concentration of gp16 was increased, the intensity of the hexamer band 
increased significantly, while the intensity of smaller oligomers remained fairly constant. This 
also suggests that a hexamer is the final oligomeric state. The presence of eGFP-gp16 hexamer 
was further confirmed by stoichiometric ratio assays. 
24 
 
Electrophoretic mobility shift assays (EMSA) were employed with the fluorescent eGFP-
gp16 and with a short 40 bp dsDNA fragment conjugated with a cy3 fluorophore.  The two 
components were mixed together, along with ATP and a non-hydrolyzable ATP analog (γ-S-
ATP) (Figure 2.2B).  It was evident that the ATPase preferred tight binding to the dsDNA upon 
addition of γ-S-ATP (Figure 2.2B, lane 6) as observed previously (78). Furthermore, after 
addition of ATP to the gp16:DNA complex, two distinct ATPase bands were present in the gel 
(Figure 2.2B, lanes 7,8).   
The EMSA was used again with increasing amounts of ATPase and a fixed amount of 
dsDNA to determine the stoichiometry of the ATPase bound to dsDNA.  As the molar 
concentration ratio of gp16:dsDNA reached 6:1, free dsDNA (bottom band, Figure 2.3A Cy3 
channel) shifted nearly entirely to the bound state (top yellow band, lane 6). Furthermore, 
capillary electrophoresis was used to validate the qualitative EMSA data.  In this case, the 
amount of gp16 remained constant, mainly due to the stickiness of the protein in the small 
capillary, and the dsDNA was increased sequentially in the reaction mixture.  The fluorescent 
peak corresponding to DNA bound to protein was quantified for a range of dsDNA 
concentrations.  The quantified peaks were then plotted for bound DNA against total amount of 
DNA.  The plot reached a plateau at a bound DNA concentration of 0.5 µM, representing a 
concentration 6 times less than the total ATPase concentration (Figure 2.3B). 
Mutations to known motifs suggest that phi29 gp16 is a member of the AAA+ Superfamily of 
ATPases 
Gp16 shares the common ATP binding domain typical of all AAA+ proteins. This 
domain contains very well-conserved motifs responsible for ATP binding (Walker A and 
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Arginine finger) and ATP hydrolysis (Walker B).  Previously (2), the walker A motif has been 
identified, but the walker B motif remained elusive.  Sequence alignment to other known AAA+ 
proteins was subsequently performed to identify this ambiguous motif. From the alignment, the 
position of the walker B motif (residues 114-119) was identified.  The sequences correlated well 
with the known consensus sequence for these motifs.  Gp16 follows the normal walker B 
configuration hhhhDE identified as TIVFDE. 
To confirm the results of the sequence alignment, relevant amino acids of both motifs 
were subsequently mutated. In the walker B motif, two mutations were generated: E119A single 
mutant and D118E/E119D double mutant, as it is known that the most important residues are the 
Asp for its role in magnesium ion binding and the glutamate responsible for the activation of a 
water molecule to perform a nucleophilic attack on the gamma phosphate of ATP. Both mutants 
were tested for their ability to hydrolyze ATP and to bind DNA.   
In Figure 2.4A, both mutants were subjected to the ATP hydrolysis assay previously 
described (70).  Only the wildtype ATPase was capable of hydrolyzing ATP to ADP and 
inorganic phosphate as the Walker A mutant is incapable of binding ATP while the Walker B 
mutant can bind, but not hydrolyze the substrate.  We expanded our testing of the mutations in 
terms of DNA binding.  Again using the same capillary electrophoresis as in our previous assay 
of wildtype ATPase, we quantified the DNA bound peak of both mutants.  In the presence of γ-
S-ATP, the wildtype and Walker B mutant displayed similar DNA binding affinity.  However, 
upon addition of ATP, the wildtype no longer remains bound to DNA as previously shown (78), 
but the Walker B mutant retains its DNA binding capability, suggesting that this identified motif 
is in fact responsible for the catalytic step which pushes dsDNA away from gp16 upon 
hydrolysis. 
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Lastly, we attempted to validate our findings using EMSA (Figure 2.4C).  Again, the 
wildtype ATPase exhibits high affinity to dsDNA with addition of γ-S-ATP (lane 3), but 
diminished affinity with ATP or no phosphate analog (lanes 2,4).  The Walker A mutant has 
diminished binding affinity in all cases (lanes 5-7), albeit higher affinity with addition of γ-S-
ATP, as this mutant is incapable of binding ATP which stabilizes the interaction between gp16 
and dsDNA.  Finally, the Walker B mutant which previously has been shown to be incapable of 
hydrolyzing ATP, was incapable of binding without ATP (lane 8), but exhibited high affinity 
with both ATP and γ-S-ATP (lanes 9,10).  Both the capillary electrophoresis quantification and 
the EMSA confirmed our hypothesis that the recently discovered Walker B motif of phi29 
ATPase is responsible for ATP hydrolysis. 
Binomial Inhibition Functional Mutant Assays Validate Hexameric ATPase 
 Formation of gp16 as an active hexameric complex in phi29 DNA packaging was further 
demonstrated using a Walker B mutant gp16, and was analyzed by binomial distribution (62, 
117). A mutant eGFP-gp16 (amino acid residues D118 and E119 were mutated to E and D, 
respectively) was found to be completely inactive in DNA packaging.  The mutant was mixed 
with wild-type eGFP-gp16 in different ratios ranging from 10% to 90%, and the activity of the 
complex was assayed using the in vitro viral assembly system (Figure 2.5) (112).  The dominant 
inhibitory activity of the Walker B mutant allowed an independent means of determining the 
stoichiometry of the ATPase (62).   
In our trials, we assumed that the stoichiometry, Z, of the ATPase gp16 in the complex 
was between 1 and 12. Then, different concentrations of wildtype gp16 were mixed with the 
inactive Walker B mutant and used for in vitro assembly reactions. We used a binomial 
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distribution of (p+q)
Z
,
 
where p and q represent the ratio of wildtype and mutant subunits within 
the gp16 oligomer, respectively (62).  Following the expansion of the binomial, we generated 12 
theoretical curves corresponding to the stoichiometry of 1 to 12 using the plot of motor activity 
(in this case, production of phi29 virion against the ratio of the Walker B mutant.  The empirical 
data almost perfectly overlapped with the theoretical curve in slope and shape representative of a 
stoichiometry of 6, thereby confirming that the motor complex is hexameric (Figure 2.5). 
Discussion 
Similar to the AAA+ motor proteins that undergo a cycle of conformational changes 
during their interaction with ATP and adaptation of two distinct states, the phi29 motor ATPase 
also exists in either a high or low affinity state for DNA substrate. Recently, it has been 
qualitatively demonstrated via EMSA (78) that the ATPase gp16 is capable of binding to dsDNA 
in the presence of γ-S-ATP.  Fusion of a fluorescent tag on the ATPase did not affect its function 
or activity (111), but provided a marker for binding assays. In the previous report, a small 
amount of Cy3-dsDNA was bound by eGFP-gp16 using the EMSA. However, stronger binding 
of gp16 to dsDNA was observed when gp16 was incubated with γ-S-ATP and dsDNA (78). To 
further validate the finding, two different assays were utilized.  Forster Resonance Energy 
Transfer (FRET) analysis revealed an increase in energy transfer from eGFP-gp16 to Cy3-
dsDNA when γ-S-ATP was included, as compared to the sample in the absence of γ-S-ATP.  
Furthermore, when γ-S-ATP was added to the mixture, sedimentation studies utilizing a 5-20% 
sucrose gradient revealed that the gp16-dsDNA complex was highly prevalent, as indicated by 
the overlap of the peak locations for the eGFP and Cy3 signals. These results suggest that the 
gp16/dsDNA complex is stabilized through the addition of the non-hydrolyzable ATP substrate. 
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The data confirmed that gp16 possesses both a DNA binding domain and a Walker-A motif with 
which to bind ATP (78).   
However, the Walker B motif has previously been unidentified. By sequence homology 
and point mutation analysis, this motif has now been shown to be responsible for ATP hydrolysis 
in the ATPase of phi29.  As expected, all the mutants were severely impaired in ATP hydrolysis 
activity and were similar to the Walker A mutant G27D, proving that the Walker A motif is 
responsible for binding of ATP. Regarding the ability to bind to DNA in the presence of γ-S-
ATP, mutations in the walker A motif displayed a limited ability to bind DNA compared with 
the wild-type (Figure 2.4B,C), most likely due to their impaired affinity for γ-S-ATP. On the 
contrary, the walker B mutants retained their binding affinity for DNA in the presence of γ-S-
ATP and were also sufficient to bind DNA in the presence of ATP, confirming that the Walker B 
mutation only affects the ability to hydrolyze ATP but not the binding to the nucleotide. 
Our data shows that in the absence of ATP, or its derivative γ-S-ATP, the binding of 
gp16 to DNA is nearly undetectable. However, after the addition of γ-S-ATP the binding 
efficiency of gp16 to DNA increased significantly (Figure 2.4B,C).  This suggests that ATP 
induces a conformational change in gp16 that causes it to assume a high affinity conformation 
for dsDNA binding. The conformational change was abolished after introducing a mutation to 
the Walker A motif in which the ATPase activity was undetectable due to the inability of the 
Walker A mutant to bind ATP.  More significantly, when ATP was added to the gp16-γ-S-ATP-
dsDNA complex, rapid ATP hydrolysis was observed (78) and gp16 departed from the dsDNA. 
This indicates that after hydrolysis, gp16 undergoes a further conformational change that 
produces an external force against the dsDNA that pushes the substrate away from the motor 
complex by a power stroke. This phenomenon can be seen in Figure 2.2B in which the ATPase 
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exists as two states after addition of ATP: DNA bound or expelled.  However, introducing a 
mutation to the Walker B motif eliminated the catalytic force step. The data correlates nicely 
with other reports that Walker B mutants do not hydrolyze ATP, but bind strongly to DNA.  
Previously, it was determined that gp16 is a DNA-dependent ATPase of the phi29 DNA 
packaging motor (2, 70, 72), providing energy to the motor through the reaction in which ATP is 
hydrolyzed into ADP and inorganic phosphate. As aforementioned, non-hydrolyzable γ-S-ATP 
stalled and fastened the gp16/dsDNA complex.  It has been found that the hydrolysis of ATP 
leads to the release of dsDNA from gp16. After ATP was added to the gp16/dsDNA/γ-S-ATP 
complex, the band representing the gp16/dsDNA complex disappeared (78).  ADP has a lesser 
effect on dsDNA release, whereas AMP is unable to release dsDNA from gp16.  The release of 
dsDNA from the gp16/dsDNA/γ-S-ATP complex by ATP and ADP was also demonstrated by 
sucrose gradient sedimentation. The binding of eGFP- gp16 to dsDNA was evidenced with a 
shift in the DNA profile in the presence of γ-S-ATP, and in the absence of ATP. But, with low 
concentrations of ATP, gp16 and dsDNA existed as free molecules in solution with slower 
sedimentation rates (78). To investigate the mechanism further, the gp16/dsDNA/γ-S-ATP 
complex was purified using a sucrose gradient and subjected to an ATP hydrolysis kinetic assay. 
The hydrolysis of ATP to ADP and inorganic phosphate was confirmed when the purified 
gp16/dsDNA/γ-S-ATP hydrolyzed ATP after the addition of ATP to the purified complex. These 
results suggested that hydrolysis of ATP leads to the release of dsDNA from the gp16, forcing 
the DNA substrate away from the interior pocket of the ATPase, and lending to physical motion 
of genomic DNA towards the capsid.  
Our data combining the stoichiometry of the ATPase and the sequential action previously 
elucidated (78), allows us to build upon our previous “push through a one-way valve” DNA 
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packaging model.  We propose in Figure 6 that the hexamer formation is dependent upon ATP 
and the concentration of the ATPase.  After binding to ATP, the ATPase undergoes a 
conformational change which significantly increases its affinity to dsDNA.  An additional 
conformational change of the ATPase after release of inorganic phosphate causes gp16 to 
perform a power stroke to push dsDNA into the one-way valve of the portal protein.   
The stoichiometry of the phi29 DNA packaging has long been a subject of debate; 
however, both camps believe that the ATPase and pRNA exist in a 1:1 stoichiometric ratio.  
Substantial cryo-EM data has been published suggesting a pentameric symmetry, but a 
significant amount of quantification  and sequence alignment  have suggested the hexameric fold 
(see Introduction).  Here we show further biochemical data proving that the ATPase gp16 
consists of six subunits in a concentration dependent manner (Figure 2.2A), upon binding to 
dsDNA (Figure 2.3), and on the active phi29 motor (Figure 2.5).  Furthermore, we have 
identified the classical Walker motifs typical of the hexameric AAA+ superfamily, and found 
that phi29 DNA packaging motor uses a revolution without rotation and coiling or generation of 
torque (34). We show that the ATPase “hands off” the substrate dsDNA in a sequential action 
manner lending to revolution around the ATPase and connector protein (34).  Our data leads to 
the conclusion that the hexameric stoichiometry and the mechanism of revolution for phi29 DNA 
packaging motor are in accordance with FtsK of the hexameric AAA+ superfamily, and we 
expect that most phages follow this “push through a one-way valve” via revolution mechanism 
(34).  
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Figures 
 
 
Figure 2.1. Depiction of the phi29 DNA-packaging motor structure and function. A 
schematic of hexameric pRNA (left, top) and AFM images of loop-extended hexameric pRNA 
(top, right). Illustrations of the phi29 DNA packaging motor and a pRNA hexamer: Side view 
(bottom, left) and bottom view (bottom, right).   
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Figure 2.2. Native electrophoresis of eGFP-gp16. (A) 6% native PAGE reveals distinct bands 
characteristic of six oligomeric states; the top, hexameric band increased as the concentration of 
protein is increased. Oligomeric states were assigned based on the mobility of marker proteins in 
the Native PAGE Mark kit. (B) EMSA of native eGFP-gp16 with short, 40 bp Cy3-dsDNA and 
ATP or γ-S-ATP.  The GFP channel (left) shows migration of the ATPase, whereas the Cy3 
channel (right) indicates the migration of the dsDNA.  Two distinct states of ATPase exist after 
addition of ATP to the gp16:DNA complex. 
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Figure 2.3. ATPase gp16 binds to DNA in a 6:1 molar ratio. Titration using EMSA of gp16 
into dsDNA mixture (A) where free dsDNA band disappears (bottom right) as the molar ratio of 
gp16:dsDNA reaches 6:1.  Titration of dsDNA into gp16 mixture using capillary electrophoresis 
(B) where peaks were quantified and plotted as a ratio of total DNA versus bound DNA.  The 
plot plateaus at 0.5 µM despite addition of more dsDNA, a concentration 6 times less than the 
fixed molar concentration of ATPase gp16.  
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Figure 2.4. ATPase gp16 contains a typical Walker A and Walker B motif of the AAA+ 
family. Assay of ATPase gp16 for ATPase activity as described previously (70) (A). Mutations 
to the Walker A and Walker B motif terminate the ability of the ATPase to hydrolyze ATP.  
Capillary electrophoresis quantification of dsDNA binding to mutated and wildtype ATPase 
gp16 (B). Walker B mutant retains binding capability to dsDNA despite addition of ATP.  
EMSA of mutated and wildtype ATPase (C).  DNA binding is diminished with mutations to the 
Walker A motif but is retained in the Walker B mutant with addition of ATP or γ-S-ATP. 
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Figure 2.5. Viral assembly inhibition assay using a binomial distribution revealing that 
gp16 possesses a 6-fold symmetry in the DNA packaging motor (62). Theoretical plot of 
percent Walker B mutant gp16 versus yield of infectious virions in in vitro phage assembly 
assays. Predictions were made with equation 
, 
where p is the percentage of wild type eGFP-gp16 based on the molar concentration in solution; 
q is the percentage of eGFP-gp16/ED; Z, is the total number of eGFP-gp16 per procapsid or gp3-
DNA; M is the theoretical number of mutant eGFP-gp16 in the phi29 DNA packaging motor; 
and p+q=1 (62).   
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Figure 2.6. Hexameric Push through a One-Way valve mechanism (78).  A conformational 
change in the hexameric ATPase occurs subsequently after binding to ATP which confers an 
increase in binding affinity to dsDNA.  Release of inorganic phosphate from the ATPase 
complex results in a power-stroke to push the genomic dsDNA through the one-way valve of the 
connector portal protein into the capsid shell.  
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Chapter 3. Sequential Action of Motor ATPase 
This chapter (with some modification) was published at Nucleic Acids Research, 2012, 40 (6): 
2577-2586. Special thanks to Dr. Huaming Fang for help in preparation of data for figures 3.1A, 
3.2, 3.4, and 3.5A. 
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Abstract:  
 Many cells and dsDNA viruses contain an AAA+ ATPase that assembles into oligomers, 
often hexamers, with a central channel. The dsDNA packaging motor of bacteriophage phi29 
also contains an ATPase to translocate dsDNA through a dodecameric channel. The motor 
ATPase has been investigated substantially in the context of the entire procapsid. Here we report 
the sequential action between the ATPase and additional motor components. It is suggested that 
the contact of ATPase to ATP resulted in its conformational change to a higher binding affinity 
toward dsDNA.  It was found that ATP hydrolysis led to the departure of dsDNA from the 
ATPase/dsDNA complex, an action that is speculated to push dsDNA to pass the connector 
channel.  Our results suggest that dsDNA packaging goes through a combined effort of both the 
gp16 ATPase for pushing and the channel as a one-way valve to control the dsDNA translocation 
direction.  Many packaging models have previously been proposed, and the packaging 
mechanism has been contingent upon the number of nucleotides packaged per ATP relative to 
the 10.5 bp per helical turn for B-type dsDNA. Both 2 and 2.5 base pairs per ATP have been 
used to argue for four, five or six discrete steps of dsDNA translocation. Combination of the two 
distinct roles of gp16 and connector renews the perception of previous dsDNA packaging energy 
calculations and provides insight into the discrepancy between 2 and 2.5 bp per ATP.   
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Introduction  
 Most cells and dsDNA viruses contain at least one AAA+ (ATPases Associated with 
Diverse Cellular Activities) protein that possesses a common adenine nucleotide-binding fold. A 
typical characteristic of the AAA+ family is the coupling of chemical energy by the ATPase, 
derived from ATP hydrolysis to mechanical motion using force exerted on a substrate, such as 
dsDNA. This process usually requires a conformational change on the AAA+ protein that 
assembles into oligomers, often hexamers, forming a ring-shaped structure with a central channel 
(23) (121) (122) (123) (124) (125) (108).  
Double stranded DNA (dsDNA) viruses package their genomic dsDNA into a preformed 
protein shell, deemed procapsid, during maturation (for review, see (38, 126)).  This entropically 
unfavorable process is accomplished by a nanomotor which also uses ATP as an energy source 
(2, 6, 127, 128).  In general, the dsDNA packaging motor involves a protein channel and two 
packaging molecules, with the larger molecule serving as part of the ATPase complex and the 
smaller one being responsible for dsDNA binding and cleavage (2, 3).  Besides the well-
characterized connector channel core, the motor of bacterial virus phi29 involves an ATPase 
protein gp16 (2, 60, 70-72, 110, 129, 130) and a hexameric packaging RNA ring (1, 3, 30).  In 
1998, Guo et. al. first proposed that the mechanism of the intriguing viral dsDNA packaging 
motor resembles the action of other AAA+ proteins which form a hexameric ring to translocate 
dsDNA using ATP as an energy source (see discussion in (3)).  This motor is of particular 
interest to nanotechnology in that it is both simple in structure and can be assembled in vitro 
using purified components.  The elegant design of the 30-nm nanomotor, one of the strongest 
motors (36) assembled in vitro to date (5), has instigated the reengineering of an imitative 
packaging motor for several applications.  Previous reports indicate that phi29 nanomotor 
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possesses packaging efficiencies up to 90% and the ability to switch off packaging through the 
addition of a non-hydrolyzable ATP derivative, γ-S-ATP  (2, 109, 110).  The latter attribute has 
enabled single-molecule measurements of motor velocities and force against an external load 
using an optical trap, contributing to the evidence of a stalling force up to 57 pN (36). Twenty 
years ago, Guo, Peterson, and Anderson determined that one ATP was used to package two base 
pairs of dsDNA (2), and later, the same group demonstrated the sequential action of motor 
components (14).  Recently, Bustamante and coworkers confirmed the sequential action 
mechanism of motor components (15).  They calculated that during this process each ATP that is 
hydrolyzed led to about 2.5 bp of dsDNA translocation (15).  Clarification of such discrepancy 
will help to illuminate the mechanism of motor action.  
The packaging of 19.3 kbp dsDNA into a confined procapsid is entropically unfavorable and 
requires a large amount of energy.  The packaged dsDNA undergoes approximately 30-100 fold 
decrease in volume as opposed to pre-packaging (80).  Previous results suggest that ATPase 
activity of gp16 is dsDNA-dependent and may be stimulated by pRNA (69-72).  It has also been 
shown that maximal ATPase activity was generated in the presence of all packaging components, 
including the procapsid and all its constituents (2, 69, 72). 
The dsDNA packaging motor is well characterized in bacteriophage phi29, however gp16 
(the ATPase protein) has long been an enigma.  This protein tends to form aggregates in solution, 
which has negative consequences including the hindrance of the study and application of the 
protein, as well as contributing to contradictory data regarding ATPase activity, 
ATP/dsDNA/pRNA binding location, and stoichiometry studies.  Reengineering techniques have 
both increased the solubility of this protein (129, 130) as well as served to provide a fluorescent 
arm (111) that facilitates identification and application.   
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The mechanism of ATP hydrolysis is important and ubiquitous, but the mechanism of energy 
conversion from ATP hydrolysis to physical motion remains elusive.  The mechanism in which 
gp16 uses ATP to drive the motor is still not well understood.  However, it is well known that 
both pRNA and gp16 play roles in the packaging of 19.3 kbp of gp3-dsDNA into a preformed 
procapsid during maturation.  Surprisingly, we also found that gp16 alone is capable of fastening 
itself to dsDNA and releasing this dsDNA through ATP hydrolysis, independent of pRNA and 
the procapsid.  Furthermore, the sequence in which dsDNA binds to ATP was studied, revealing 
an important phenomenon in the packaging mechanism. Moreover, dsDNA passes through the 
portal protein during its translocation into the procapsid and it has been speculated that the 
channel plays a role in the process (45).   
Materials and Methods:  
Expression and Purification of eGFP-gp16 in E. coli  
The engineering of eGFP-gp16 was published by Lee et. al. (111) .  eGFP-gp16 was 
expressed  and purified as described previously (60, 111, 130) with minor modifications. Briefly, 
the protein was over-expressed in E.coli BL21(DE3) with induction of 0.4mM IPTG. The 
bacterial cells were harvested and resuspended in His-binding buffer (20mM Tris-HCl,pH 7.9, 
500mM NaCl, 15% glycerol, 0.5mM TECP and 0.1% Tween-20). The cells were then lysed by 
passing though French Press and the lysate was clarified by centrifugation. 0.1% PEI was added 
to the clarified lysate to remove nucleotides and other proteins. Homogeneous eGFP-gp16 was 
purified by one-step Ni-resin chromatography. 
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Electrophoretic Mobility Shift Assay (EMSA):  
The samples were prepared in 20μl buffer A (20mM Tris-HCl, 50mM NaCl, 1.5% 
glycerol, 0.1mM Mg
2+). Typically, 1.78μM eGFP-gp16 was mixed with 7.5ng/μl 40bp Cy3-
dsDNA at various conditions. The samples were incubated at ambient temperature for 20min and 
then loaded onto a 1% agarose gel (0.5TB: 44.5 mM Tris, 44.5mM Boric Acid) for 
electrophoresis for 2hr under 80V at 4°C. The eGFP-gp16 and Cy3-dsDNA in the gel was 
analyzed by fluorescent LightTools (Edmonton, Alberta, CA) Whole Body Imager using 488 nm 
and 540 nm wavelengths for eGFP and cy3 respectively.  
Forster Resonance Energy Transfer (FRET):  
 FRET samples were analyzed using Horiba Jobin Yvon (Edison, NJ) FluoroHub at 
excitation wavelength of 480 nm and the emission spectra was scanned from 500-650 nm with 5 
nm slits at both excitation and emission.  Samples were prepared in an appropriate cuvette 
volume (typically 50 µl) and allowed to incubate at room temperature for at least 5 minutes prior 
to excitation in order to allow reaction to fully catalyze.   
Sucrose Gradient Sedimentation:  
 Sucrose was diluted at 5% and 20% (w/v) using a dilution buffer (50 mM NaCl, 25 mM 
Tris pH 8.0, 2% glycerol, 0.01% Tween-20, 0.1 mM MgCl2) and a gradient was made using 
protocols established by BioComp Gradient Maker.  Samples were subsequently gently added to 
the top of the gradient as not to disrupt the formed gradient, balanced, and placed in Beckman 
Optima L Preparative Ultracentrifuge at 5.5 hours, 35000 rpm, 4°C.  Samples were then 
fractionated directly from the bottom of the tube and analyzed by a Biotek Synergy 4 microplate 
reader at both GFP and cy3 wavelengths. 
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Kinetic Assay (MDCC-PBP):  
 The conversion of MDCC emission to an enzymatic kinetic equation has previously been 
reported (70). 
Phage Assembly Activity Inhibition and Isolation of Partially Filled Procapsids:  
 The phage assembly assay has been previously described (112).  To isolate the partially 
filled procapsid, γ-S-ATP was added to the packaging reaction buffer and the reaction was 
added to the top of a sucrose gradient and centrifuged for an extended period.  The gradient was 
subsequently fractionated and variations of packaging components were again added to the 
individual fractions including ATP, ADP, or AMP.  The fractions were then plated as 
performed in the phage assembly assay and tested for viral activity. 
Connector Insertion into Lipid Bilayer and Electrophysiolgical Measurements: 
 Connector protein gp10 was inserted into a lipid bilayer and current traces were recorded 
after addition of dsDNA as previously described (41). 
Results 
γ-S-ATP , a non-hydrolyzable ATP analog, promotes binding of gp16 to dsDNA 
The conditions in which gp16 interacted with dsDNA were investigated.  It was 
immediately discovered that the ATPase was capable of binding to dsDNA in the absence of 
pRNA and other motor components.  An electrophoretic mobility shift assay was employed to 
study the interaction.  Fusion of an eGFP tag at the N-terminus of gp16 did not affect its 
biological activity (111), but provided a fluorescent marker for detection.  In Figure 3.1A, the 
binding between eGFP-gp16, dsDNA, and γ-S-ATP was explored.  Two different fluorescent 
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filters, FITC and cy3, were used to visualize the protein and dsDNA, respectively.  It was 
hypothesized that γ-S-ATP   would lock gp16 onto dsDNA and our results proved this 
phenomenon.  dsDNA was bound by eGFP-gp16 in the absence of the nucleotide (Figure 3.1A, 
lane 3). However, stronger binding of gp16 to dsDNA was observed when gp16 was incubated 
with γ-S-ATP (Figure 3.1A, lane 4).  To further validate the finding, two different assays were 
utilized.  Förster Resonance Energy Transfer (FRET) analysis revealed an increase of energy 
transfer from eGFP-gp16 to Cy3-dsDNA when γ-S-ATP was included (Figure 3.1B, royal blue 
curve), to the sample in the absence of γ-S-ATP (green curve).  FRET decreased significantly 
upon addition of excess ATP to the gp16/dsDNA/γ-S-ATP complex (teal curve).  Furthermore, 
when γ-S-ATP was included in the mixture, sedimentation studies utilizing a 5-20% sucrose 
gradient revealed that gp16-dsDNA complex was highly prevalent as indicated by overlap in the 
eGFP and cy3 wavelength spectra (Figure 3.1C).  These results suggested that the gp16/dsDNA 
complex is stabilized through addition of the non-hydrolyzable ATP substrate.  Furthermore, the 
data suggested that gp16 possesses both a dsDNA binding domain and a motif to bind ATP.   
ATP induced a conformational change in gp16 that led to increased binding affinity of gp16 to 
dsDNA 
To continue with the previous findings, the mechanism of gp16 action in relation to ATP 
was studied.  It has been extensively reported that gp16 is a dsDNA dependent ATPase (2, 70), 
that dsDNA stimulates the ATPase activity of gp16 (2, 70, 72), and that the phi29 dsDNA 
packaging motor uses one ATP to translocate 2 (2) or 2.5 (127) base pairs of dsDNA into the 
prohead.  However, the interaction of gp16 with dsDNA or ATP and the sequential action of 
these three components was previously unidentified.  To tackle this question, eGFP-gp16 was 
mixed with either dsDNA or γ-S-ATP and allowed to incubate.  Subsequently, the remaining, 
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missing component was added to the mixture and again allowed to incubate.  All samples were 
subjected to an EMSA and imaged.  The band representative of gp16 in complex with dsDNA 
appeared significantly sharper when γ-S-ATP was incubated first (Figure 3.1D, lanes 6,7,8) than 
when dsDNA was initially added (Figure 3.1D, lanes 3,4,5).  FRET and gradient sedimentation 
also revealed the same phenomenon (data not shown).  All these data support the speculation that 
gp16 binds first to γ-S-ATP to increase the binding affinity to dsDNA, and that γ-S-ATP is 
capable of fastening gp16 to dsDNA to form a more stable complex.   
Gp16 departed  from dsDNA following ATP hydrolysis 
 It has been reported that gp16 is a dsDNA-dependent ATPase of the phi29 dsDNA 
packaging motor (2, 70, 72, 131), providing energy to the motor by hydrolyzing ATP into ADP 
and inorganic phosphate. For further applications, it is important to elucidate the mechanism in 
which ATP hydrolysis is related to the motion of motor components for the translocation of 
dsDNA. 
As aforementioned, γ-S-ATP stalled and fastened the gp16/dsDNA complex.  It was 
subsequently found that hydrolysis of ATP led to the release of dsDNA from gp16 (Figures 3.2 
and 3.3).  When increasing amounts of ATP was added to the gp16/dsDNA/γ-S-ATP complex, 
the band representing the gp16/dsDNA complex disappeared (Figure 3.2A).   ADP had a lesser 
effect on dsDNA release (Figure 3.2B), whereas AMP was unable to release dsDNA from gp16 
(Figure 3.2C).  This same phenomenon was observed in the previous FRET assay (Figure 3.1B, 
teal curve). 
The release of dsDNA from gp16/dsDNA/γ-S-ATP complex by ATP and ADP was also 
demonstrated by sucrose gradient sedimentation. Binding of eGFP-gp16 to dsDNA was 
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evidenced by a shift in the dsDNA profile in the presence of γ-S-ATP and in the absence of ATP 
(Figure 3.3A, black curve).  With low concentrations of ATP however, gp16 and dsDNA existed 
as a free molecule in solution with slower sedimentation rates (Figure 3.3A, colored curves).  To 
investigate the mechanism further, gp16/dsDNA/γ-S-ATP complex was purified using the 
sucrose gradient and subjected to an ATP hydrolysis kinetic assay.  The hydrolysis of ATP to 
ADP and inorganic phosphate was confirmed by the demonstration that purified gp16/dsDNA/γ-
S-ATP complex was able to hydrolyze ATP after addition of ATP to the purified complex 
(Figure 3.3B). Simply, a fluorescent molecule (MDCC-PBP) undergoes a conformational change 
after binding to inorganic phosphate which gives off fluorescence emission.  The increase in 
fluorescence emission can be correlated to the hydrolysis of ATP to ADP with simple 
calculations.  The results suggested that hydrolysis of ATP led to the release of dsDNA from the 
gp16.  
Evaluation of the findings on γ-S-ATP, ATP, ADP, AMP and gp16 interaction using the active 
ATP-driven dsDNA packaging motor 
All previous experiments involving the interaction between gp16 and ATP or its 
derivatives were carried out in the procapsid-free system.  Even though the previous experiments 
were derived from precursor proteins of the active motor, it is important to relate this interaction 
to an active motor involving the procapsid. A dsDNA packaging and viral assembly assay was 
performed in which purified motor components were added together and allowed to form an 
active virion in the presence and absence of γ-S-ATP, ATP, ADP, AMP and gp16 imitating their 
interaction in the procapsid-free system.  When γ-S-ATP was added with an increased ratio to 
ATP, dsDNA packaging and viral assembly was gradually blocked (Figure 3.4A). The data 
agrees perfectly with that from the procapsid-free system showing that γ-S-ATP blocked the 
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dissociation of dsDNA from gp16 (Figure 3.1A). The partially filled procapsids, incubated with 
optimal γ-S-ATP concentration, were then isolated in a sucrose gradient and subjected to 
addition of other motor components including ATP, ADP, and AMP in the phage assembly 
assay.   The partially filled procapsids were able to be converted into infectious virion when ATP 
was added (Figure 3.4B, red curve), agreeing with the data from the procapsid-free system in 
which ATP promoted the departure of dsDNA from the fastened gp16/dsDNA complex (Figure 
3.2A). When ATP was replaced by ADP or AMP, active phages were not produced (Figure 
3.4B), again in accordance with the data from the procapsid-free system showing that ADP and 
AMP did not allow easy departure of dsDNA from the gp16/dsDNA complex (Figure 3.2B & C).  
After adding further eGFP-gp16, pRNA, gp9-14, and ATP, the partially filled procapsids were 
able to recommence packaging and form an assembled, active bacteriophage.   
Inorganic phosphate inhibited gp16 binding to dsDNA and elicited dsDNA discharge 
 Now that we have provided conclusive evidence that hydrolysis of ATP by gp16 to ADP 
and inorganic phosphate is the catalytic step leading to the translocation of dsDNA, the question 
remains as to which of the two resulting products, ADP and Pi, departs and which component 
remains bound to gp16?  That is, does the gp16 conformational change result from a departure of 
ADP or Pi from gp16?  
Inorganic phosphate is one of the products of the energy-producing reaction when ATP is 
hydrolyzed to ADP.  A gel retardation assay revealed that in the presence of high concentrations 
of phosphate, dsDNA was released from the gp16/dsDNA/γ-S-ATP complex (Figure 3.5A, lane 
4).  It was also found that the presence of inorganic phosphate prevented the formation of 
gp16/dsDNA complex, either in the presence of γ-S-ATP or ATP.  The gp16/dsDNA/γ-S-ATP 
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complex was incubated with the phosphate analog sodium vanadate, which also proved to inhibit 
binding of gp16 to dsDNA (Figure 3.5A, lane 6).  A sucrose sedimentation gradient assay 
revealed concurring results.  50 mM phosphate was able to completely inhibit the formation of 
gp16/dsDNA complex or dissociate the complex into free gp16 and dsDNA, as evidenced by the 
shift of the dsDNA peak in the sucrose gradient (Figure 3.5B). It is interesting to find that ADP 
also stimulated the release of gp16 from the gp16/dsDNA complex (Figure 3.2B). All these 
results questioned whether the inorganic phosphate by itself can compete with the ATPase center 
for ATP binding and whether the gp16/Pi or gp16/ADP complex remains as the final product 
after gp16 propels dsDNA forward.   
Discussion 
 EMSA, sucrose gradient sedimentation, FRET, and kinetic studies provided evidence to 
support the hypothesis that gp16 first interacts with ATP or the ATP analog γ-S-ATP and then 
with dsDNA.  eGFP-gp16 was first incubated with either γ-S-ATP or short cy3-dsDNA and 
subsequently incubated with the third component, either dsDNA or γ-S-ATP (Figure 3.1D). The 
mixtures were then subjected to a low percentage agarose gel to evaluate the gp16/dsDNA 
complex.  A significantly sharper cy3 band was detected corresponding to gp16/dsDNA complex 
in samples in which γ-S-ATP was added first.  This data indicated that more gp16/dsDNA 
complex had formed under those conditions.   
 To further study the γ-S-ATP function in fastening gp16 to dsDNA, we carried out three 
different experiments.  Gp16 was incubated with dsDNA and γ-S-ATP. The sample was then 
applied to a 5-20% sucrose gradient, fractionated, and analyzed for eGFP (representing gp16) 
and cy3 (representing dsDNA) signal (Figure 3.1C).    Profile-overlay analysis indicated that, in 
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the presence of γ-S-ATP, gp16 tightly bound to dsDNA despite large centrifugal force and 
dilution factor.  Similar samples from agarose gel electrophoresis revealed a much stronger 
gp16/dsDNA complex band when γ-S-ATP was present.  Finally, FRET was applied to measure 
the energy transfer and distance between eGFP-gp16 (donor fluorophore) and cy3-dsDNA 
(acceptor fluorophore).  Our data illustrated that higher energy transfer was present with the 
addition of γ-S-ATP, which provided indirect evidence that the protein formed a complex with 
dsDNA.  In combination, these assays contributed to the principle that the motor complex can be 
stalled by addition of a non-hydrolyzable ATP substrate (70, 110) but more importantly, they 
expanded our understanding of the phi29 packaging mechanism.  
After gp16/dsDNA complex was formed through addition of γ-S-ATP, it was critical to 
understand what compounds were capable of dissociating gp16 from dsDNA.  Again using an 
EMSA, gp16-dsDNA complex was allowed to form by incubating eGFP-gp16, cy3-dsDNA, and 
γ-S-ATP together, but this time, adenosine monophosphate, adenonsine diphosphate, and 
adenosine triphosphate were subsequently added before electrophoresis.    Figure 3.2 clearly 
shows the concentration of tri-, di-, and monophosphate at which the complex dissociates. ATP 
had the highest efficiency in promoting the kicking away of dsDNA from gp16, ADP had a 
lesser effect, but AMP had no effect.   The same concept was used in Figure 3.3A in which 
gp16/dsDNA complex was preformed and subsequently incubated with varying concentrations 
of ATP.  The samples were then added on top of a linear sucrose gradient and centrifuged for an 
extended period of time.  In the absence of ATP, complex formed, but even in low 
concentrations of ATP, gp16 is released from its dsDNA substrate.  Furthermore, a kinetic study 
was applied in which ATP was added to a gp16/dsDNA complex previously purified by a 
sucrose gradient.  A fluorescent substrate was used to detect the release of inorganic phosphate in 
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solution after ATP was hydrolyzed and the maximum velocity and Michaelis-Menten constant 
were calculated after varying concentrations of ATP were assayed.  The curve is representative 
of all kinetic enzymes and again proves that ATP can be hydrolyzed and released even after 
gp16/dsDNA complex has formed. 
To relate the above observed phenomena to a functional phage, an assay was performed 
in which the partially filled procapsids formed via incubation with γ-S-ATP was isolated in a 
sucrose gradient and subjected to a phage assembly assay with addition of either ATP, ADP, and 
AMP.  A similar assay has previously been performed (46).  The results are consistent with the 
data from the procapsid-free syste and provide indirect support for the conclusion that γ-S-ATP 
enhanced the binding of gp16 to dsDNA and that ATP hydrolysis promoted the departure of 
dsDNA from the gp16/dsDNA complex.  
 The dsDNA packaging mechanism is a universal biological phenomenon for dsDNA 
viruses including herpes viruses, poxviruses, adenoviruses, and other dsDNA bacteriophages.  
The mechanism of packaging has provoked interest among virologists, bacteriologists, 
biochemists, and especially researchers involved in nanotechnology; however, the actual 
mechanism remains elusive. In the past, many models have been proposed to interpret the 
mechanism of motor action including the 1) Gyrase-driven supercoiled and relaxation (7); 2) 
Force of osmotic pressure; 3) Ratchet mechanism (103); 4) Brownian motion (11); 5) Five-
fold/six-fold mismatch connector rotating thread (12); 6) Supercoiled dsDNA wrapping (13); 7) 
Sequential action of motor components (14, 15); 8) Electro-dipole within central channel (16); 
and, 9) Connector contraction hypothesis (17, 132), 10) dsDNA torsional compression 
translocation mechanism (6, 8).  Based on our results, a hypothesis has been developed to 
describe the mechanism of dsDNA packaging.  We coined the "Push through a One-way Valve" 
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mechanism described as a combined effort between the gp16 ATPase which provides energy for 
pushing and the connector channel for one-way control.  We believe that gp16 possesses at least 
four binding motifs for pRNA, dsDNA, adenosine and phosphate (the P loop).  In our theory, at 
any given time, gp16 alone is able to bind to dsDNA but with low affinity.  Upon binding to 
adenosine triphosphate or derivatives (ATP, γ-S-ATP) however, gp16 undergoes a 
conformational change which promotes the binding to dsDNA.  In this conformation, gp16 
tightly binds to dsDNA in order to eliminate slipping in the packaging process.  However, in 
order to generate energy, gp16 cleaves the gamma phosphate of ATP, producing a force from 
which gp16 switches to a relaxed conformation propelling the dsDNA unidirectionally into the 
procapsid using pRNA as a fulcrum.  In this relaxed form, the binding site is unoccupied until a 
new ATP molecule is introduced to gp16 to restart the cycle (Figure 3.6).    
In many packaging motors, the ATPase acts to rid itself of the phosphate but continues to 
clutch the ADP (127, 133).  The data shown in this report clearly shows that both ADP and 
phosphate can release gp16 from its substrate dsDNA.  Our results suggest that ADP competes 
for the binding pocket better than inorganic phosphate, so it is assumed that gp16 has higher 
affinity for ADP than inorganic phosphate.  This dictates that inorganic phosphate is expelled 
first, as observed in other phages, but also suggests that ADP is released from the pocket to allow 
the cycle to restart.  The data is unable to clarify which expulsion step catalyzes the motor action, 
but that both steps are required to generate a new cycle.   
Recently, our group discovered that the channel of phi29 dsDNA packaging motor 
exercises a one-way traffic mechanism of dsDNA translocation from the N-terminal external end 
to the C terminal internal end, but blocked dsDNA to exit (41).  Therefore we concluded that 
phi29 dsDNA packaging went through a schematic marching mechanism via a unique 
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mechanism by pushing through a one-way channel valve of the dsDNA packaging motor (Figure 
3.6).  The mechanism of providing force through a one-way valve agrees with Black et. al. 
finding in bacteriophage T4 that dsDNA was compressed if the portal entrance was blocked at 
the front end (104, 105, 134). The authors interpreted that the force for the compression is due to 
the torsional force from coiled dsDNA, but relates to our idea that dsDNA is rotated into the 
portal (135).  Our suggested mechanism is also validated through the discovery in T4 in which it 
was determined that both ends of dsDNA remain in the portal of the procapsid during the 
packaging process (104, 105).  If the motor functioned by pulling dsDNA within the procapsid 
rather than pushing by gp16, one end of dsDNA would be required to be internalized for 
packaging to commence.   Finally, this mechanism agrees with Bustamante et. al. who clearly 
confirmed that dsDNA is processed by an unknown dsDNA-contacting component in one strand 
(136).   
 The stoichiometry of gp16 has not been fully addressed in this proposed mechanism, but 
in 1998, Guo et. al. (3) proposed that the mechanism of dsDNA packaging is similar to the 
hexameric AAA+ ATPase family that has many functions but also acts to translocate dsDNA 
during dsDNA replication and repair.  Many well-characterized dsDNA tracking motors (26, 
137-139) and other ATPases within the AAA+ family (135) possess an even-numbered protein 
structure.  Furthermore, such phages as phi12 (140, 141) and others have proved to possess a 
hexameric ATPase.  Since the pRNA of phi29 has been determined to be hexameric (3, 30) (31), 
this raises speculation that gp16 might be similar to the AAA+ family and also exist as a 
hexamer.   
 Twenty years ago, Guo et. al. (2) determined that one ATP was used to package two base 
pairs of dsDNA. The stoichiometry of one ATP for two base pairs of dsDNA was also 
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subsequently confirmed by the T3 system (142).  This information has been utilized substantially 
by biochemists and biophysicists to interpret the mechanism of motor action (103, 126, 127, 141, 
143, 144).   Recently, Bustamante and coworkers reported the packaging of 2.5 base pairs per 
ATP using single molecule analysis through tweezer based experiments (15).  Many packaging 
models have previously been proposed, and the packaging mechanism has been contingent upon 
the number of nucleotides packaged per ATP.  Currently, the motion mechanism is interpreted 
based on structural and biophysical properties of the dodecameric channel and the B-type 
dsDNA linking number of 10.5 bp per helical turn.  It is logical that a specific number of ATP is 
required to translocate a definite number of dsDNA if gp16 and connector are an integrated, 
concrete motor structure.  From our results, it was revealed that the dsDNA packaging task is 
carried out by two different steps by two separate components: gp16 for active pushing and the 
channel serving as a one-way valve to control the direction.   Currently, the debate is whether 2 
(2) or 2.5 (15) base pairs are packaged per ATP and whether the motor ATPase is a tetramer, 
pentamer, or hexamer for four (144), five (134), or six (2) discrete steps of motor action. The 
calculation of ATP and dsDNA ratio related to the linking number of B-type dsDNA would have 
been useful to interpret the motor mechanism if only one motor protein, either gp16 or 
connector, plays a determinative role in dsDNA translocation speed. However, as reported here, 
the pushing force is from the ATPase gp16, but the dsDNA translocation speed is most likely 
also affected by the connector channel.  Temporary pause and motion steps have been reported to 
occur during translocation (86, 87, 127). The calculated translocation rate resulted from two 
uncoordinated force generating factors, gp16 and connector, will make it impossible to obtain a 
definitive and reproducible number of base pairs per ATP consumed.  The translocation rate 
generated by gp16 is altered by the channel valve since the temporary pause or slide of the 
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dsDNA during translocation through the channel will negatively affect the speed.  The newly 
demonstrated mechanism of dsDNA packaging demonstrated here can address the discrepancy 
between the 2 and 2.5 base pair per consumed ATP debate. The difference depends on the 
experimental conditions that can be varied.   Finding of the combination of the two distinct roles 
of gp16 and connector renews the perception of previous dsDNA packaging energy calculations 
and provides insight into the mechanism of motor action (Figure 3.6).  
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Figures  
 
 
Figure 3.1.  Demonstration of gp16 fastening to fluorescent dsDNA after incubation with 
non-hydrolyzable ATP derivative through A) Electrophoretic Mobility Shift Assay, B) FRET, 
and C) Sucrose Gradient Sedimentation; D) EMSA to demonstrate efficiency of binding when 
ATP substrate is added before dsDNA. 
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Figure 3.2.  Electrophoretic Mobility Shift Assay showing release of dsDNA from gp16 after 
addition of increasing amounts of A) ATP and B) ADP; C) AMP is unable to release gp16 from 
dsDNA  
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Figure 3.3.  Effect of ATP on Gp16/dsDNA/γ-S-ATP complex.  Complex was formed and 
subjected to increasing amounts of ATP and assayed by A) sucrose gradient sedimentation and 
B) fluorescent assay using an inorganic phosphate binding substrate to determine kinetics of 
ATP hydrolysis. 
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Figure3.4. Isolation of the Partially Filled Procapsid to Determine Effect of ATP, ADP, and 
AMP on Viral Assembly.  A) Decrease of phage assembly activity by introduction of non-
hydrolyzable ATP derivative.  B) Activity of isolated partially filled procapsids after sucrose 
gradient sedimentation.  
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Figure 3.5. Effect of Phosphate and Phosphate Derivative Sodium Vanadate on 
gp16/dsDNA/γ-S-ATP   complex formation.  Release of eGFP-gp16 from dsDNA complex by 
adding excess amounts of phosphate (A, lanes 2-4, and B).  Decrease in gp16 binding to dsDNA 
using phosphate derivative sodium vanadate (lanes 5,6).  
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Figure 3.6. The "Push through a One-way Valve" mechanism in phi29 dsDNA packaging. 
Schematic of dsDNA packaging mechanism termed “push through a one-way valve”.  ATP binds 
to gp16, promoting gp16 binding to dsDNA. ATP hydrolysis induced a force or conformational 
change to push dsDNA translocation into the connector channel, which is a one-way valve that 
only allows dsDNA to enter but not exit the procapsid during dsDNA packaging.    
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Chapter 4. Mechanism of Revolution of ATPase for Viral DNA Packaging  
This chapter (with some modification) is under submission at Virology under the title 
“Revolution rather than rotation of AAA+ hexameric phi29 nanomotor for viral dsDNA 
packaging without coiling”. Special thanks to Dr. Gian Marco De Donatis for help in preparation 
of data for figures 4.5 and 4.6; Dr. Huaming Fang for help in preparation of data for figures 4.3 
and 4.4; Dr. Yi Shu for help in preparation of data for figure 4.1D; and Hui Zhang for help in 
preparation of data for 4.8. 
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Abstract 
 It has long been believed that the DNA-packaging motor of dsDNA viruses utilizes a 
rotation mechanism. Here we report a revolution rather than rotation mechanism for the 
bacteriophage Phi29 DNA packaging motor. Analogously, the Earth "rotates" along its own axis 
resulting in cycles of day and night; however, it "revolves" around the sun every 365 days. It has 
been found that the Phi29 motor contains six copies of the ATPase gp16 (4). ATP binding to one 
ATPase subunit stimulates the ATPase to adopt a conformation with a high affinity to bind 
dsDNA. ATP hydrolysis induces a new conformation with a lower affinity for dsDNA, thus 
pushing dsDNA away and transferring it to an adjacent subunit by a power stroke. DNA revolves 
unidirectionally along the hexameric channel wall, but neither the dsDNA nor the hexameric 
ATPase itself rotates. One ATP is hydrolyzed in each transitional step, and six ATPs are 
consumed for one helical turn of 360°.  As demonstrated with Hill constant determination, 
binomial assay, cooperation and sequential analysis, transition of the same dsDNA chain along 
the channel wall, but at a location 60° different from the last contact, urges dsDNA to move 
forward 1.75 base pairs each step (10.5 bp/turn ÷ 6ATP = 1.75 bp/ATP). The 30°-tilted angle of 
each connector subunit that runs anti-parallel to the dsDNA helix facilitates the one-way traffic 
of dsDNA and coincides with the 12 subunits of the channel (360° ÷ 12 = 30°).  The hexamer 
motor also caused four steps of pause due to the utilization of   4 lysine rings to facilitate the 
continuation of revolution (ACS Nano, In Press). Nature has evolved a clever machine to 
translocate DNA double helices that avoids the difficulties during rotation that are associated 
with DNA supercoiling.  The discovery of the revolution mechanism might reconcile the 
stoichiometry discrepancy in many phage systems for which the ATPase was found to be present 
as tetramer, hexamer, and nonamers.      
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Introduction 
  
The AAA+ (ATPases Associated with diverse cellular Activities) superfamily of proteins 
is a class of motor ATPases with a wide range of functions. Many members of this class of 
ATPases often fold into hexameric arrangements (24, 25, 145-149) and are involved in DNA 
translocation, tracking, and riding (26, 83, 122, 150, 151). Despite their functional diversity, the 
common characteristic of this family is their ability to convert chemical energy obtained from the 
hydrolysis of the γ-phosphate bond of ATP into a mechanical force, usually involving a 
conformational change of the AAA+ protein. This change of conformation generates both a loss 
of affinity for its substrate and a mechanical movement; which in turn is used to either make or 
break contacts between macromolecules, resulting in local or global protein unfolding, complex 
assembly or disassembly, or the translocation of DNA, RNA, proteins, or other macromolecules. 
These activities underlie processes critical to DNA repair, replication, recombination, 
chromosome segregation, DNA/RNA transportation, membrane sorting, cellular reorganization, 
and many others (22, 23, 26, 152, 153). Numerous biochemical and structural aspects of 
reactions catalyzed by AAA+ proteins have been elucidated, along with other interesting 
allosteric phenomena that occur during ATP hydrolysis. For instance, the crystal structure of the 
sliding clamp loader complex, a system that helps polymerases overcome the problem of torque 
generated during the extension of helical dsDNA, has revealed a spiral structure that strikingly 
correlates with the grooves of helical dsDNA; suggesting a simple explanation for how the 
loader/DNA helix interaction triggers ATP hydrolysis, and how DNA is released from the sliding 
clamp (154, 155). 
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In both prokaryotic and eukaryotic cells, DNA needs to be transported from one cellular 
compartment to another. As for dsDNA viruses, they translocate their genomic DNA into 
preformed protein shells, termed procapsids, during replication (for review, see (33, 38, 126, 
156)). This entropically unfavorable process is accomplished by a nanomotor that uses ATP as 
an energy source (2, 6, 14, 69, 70, 78, 127, 128). The dsDNA packaging motor also consists of a 
protein channel and two packaging molecules with which it carries out its activities. Our 
discovery 25 years ago has resulted in the knowledge that the larger molecule serves as part of 
the ATPase complex, and the smaller one is responsible for dsDNA binding and cleaving (2, 3); 
this notion has now become a well-established definition (for review, see (33, 38, 126, 156)). 
Besides the well-characterized connector channel core, the motor of bacterial virus phi29 
involves an ATPase protein gp16 (2, 60, 70-72, 110, 129, 130) and a hexameric packaging RNA 
ring (1, 3, 30, 63). The connector contains a central channel encircled by 12 copies of the protein 
gp10 that serves as a pathway for dsDNA translocation (16, 29, 157).  
The cellular components that show the strongest similarity to viral DNA packaging motor 
include FtsK, an AAA+ DNA motor protein that transports DNA and separates intertwined 
chromosomes during cell division (108),  and the SpoIIIE family (158), an AAA+ protein 
responsible for transportation of DNA from a mother cell into the pre-spore during the cell 
division of Bacillus subtilis (159). It has recently been revealed that the ATPase of phi29 gp16 is 
similar to these families in structure and function (3, 108).  Both the FtsK and SpoIIE DNA 
transportation systems rely on the assemblage of a hexameric machine. FtsK proteins contain 
three components: one for DNA translocation, one for controlling of orientation, and one for 
anchoring it to the substrate (158). Extensive studies suggest that FtsK may employ a “rotary 
inchworm” mechanism to transport DNA (160). The FtsK motor encircles dsDNA by a 
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hexameric ring. During each cycle of ATP binding and hydrolysis within each FtsK subunit, one 
motif acts to tightly bind to the helix while the other progresses forward along the dsDNA. This 
process causes translational movement, a mechanism that is repeated by the subsequent transfer 
of the helix to the next adjacent subunit (160). Many other hexameric dsDNA tracking motors 
function in a similar fashion, including TrwB, which is used in DNA transport during bacterial 
conjugation (161); Rad54, an ATPase supporting viral DNA replication (162); and RuvB that 
plays a role in the resolution of the Holliday junction during homologous recombination (163).  
Many intriguing packaging models have been proposed for the motor of dsDNA viruses 
(15, 86, 87, 156, 164). It has long been popularly believed that viral DNA packaging motors run 
through a rotation mechanism involving a five-fold/six fold mismatch structure (12). The best-
studied bacteriophage Phi29 DNA packaging motor was constructed in 1986 (5) and has been 
shown to contain three co-axial rings (Figure 4.1) (1, 2, 60, 72). In 1987, an RNA component 
was discovered on the packaging motor (1), and subsequently, in 1998, this RNA particle was 
determined to exist as a hexameric ring (3, 27) (featured by Cell (28)). Based on this structure, it 
was proposed that the mechanism of the Phi29 viral DNA packaging motor is similar to that used 
by other hexameric DNA tracking motors of the AAA+ family (3). This notion has caused a 
fervent debate concerning whether the RNA and ATPase of the motor exist as hexamers or as 
pentamers. Many laboratories have persisted to prove the pentameric model (77, 86, 165), 
despite the solid finding of the presence of hexameric folds in the motor, as revealed by 
biochemical analysis (3, 4, 27, 28); single molecule photobleaching (30); gold labeling imaged 
by EM (30-32); nano-fabrication (166); and RNA crystal structure (63). Due to strong supporting 
data in favor of the motor hexamer, the pentamer-supporters have proposed alternatives to 
reconcile the pentamer and hexamer debate. One theory is that a pRNA hexamer is first 
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assembled on the motor, after which one of the subunits leaves, resulting in the final pentameric 
state (18, 77, 167). This proposition was countered by findings showing that the motor 
intermediates isolated during the active DNA packaging process also contain a hexamer (30). 
Due to the discrepancy in their data, another group proposed an alternative theory in which one 
of the subunits in the pentamer ring is inactive during each cycle and the other four pentamer 
subunits function sequentially during the DNA packaging process (15, 86). We provide 
conclusive data that confirms that the ATPase motor is in fact a hexamer (34), that it is a relative 
of the hexameric AAA+ DNA translocase, and that the motor mechanism of DNA translocation 
involves revolution without a counter force, rather than a rotational mechanism that involves a 
coiling force, as has been popularly believed.  
Materials and Methods 
Cloning, mutagenesis and protein purification.  
The engineering of eGFP-gp16 and the purification of gp16 fusion protein have been 
reported previously (111). eGFP-gp16 mutants G27D, E119A, R146A, and D118E E119D were 
constructed by introducing mutations to the gp16 gene (Keyclone Technologies).  
Measurement of gp16 ATPase activity.  
  Enzymatic activity via fluorescence was described previously (70).  
In Vitro virion assembly assay 
 Purified in vitro components were mixed and subjected to virion assembly assay, as 
previously described (112). 
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Statistical analysis and data plotting.  
Most statistical analysis was performed using Sigmaplot 11. Determination of the Hill 
coefficient was obtained by nonlinear regression fitting of the experimental data to the following 
equation: E= Emax*(x)
n
/(kapp +(x)
n
),  where E and Emax refer to the concentration of gp16/DNA 
complex, X is the concentration of ATP or ADP, Kapp is the apparent binding constant, and n is 
the Hill coefficient. 
CE experiments to determine ratio of gp16 to bound dsDNA: 
CE (Capillary electrophoresis) experiments were performed on a Beckman MDQ system 
equipped with double fluorescent detectors (488nm and 635nm excitation). The capillary used 
was a bare borosilicate capillary 60 cm in total length and a 50 µm inner section. The method 
consisted of a 20 min separation at 30 KV normal polarity.  Typical assay conditions contained 
50 mM Tris-HCl, 100 mM borate at pH 8.00, 5 mM MgCl2, 10% PEG 8000 (w/v), 0.5% acetone 
(v/v), 3 µM eGFP-gp16 monomer and variable amounts of ATP/ADP and DNA. 
Sucrose gradient sedimentation of gp16/prohead: 
       Ultra-pure proheads were incubated with eGFP-gp16 and pRNA at room temperature for 
an extended period. The samples were loaded on top of a 5-20% sucrose gradient dissolved in 
buffer that mimicked in vivo conditions; 200 µl 60% sucrose was used as a cushion. The samples 
were then sedimented at 35000 rpm for 4 hr, fractionated, and the fluorescent signal was 
captured using a Synergy IV microplate reader. 
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Electrophoretic Mobility Shift Assay (EMSA):  
The engineering of eGFP-gp16 and the purification of gp16 fusion protein (111), as well 
as the gp16 and dsDNA binding assay (78), have been reported previously. Cy3- or Cy5-dsDNA 
(40 bp) was prepared by annealing two complementary DNA oligos containing Cy3 or Cy5 
labels at their 5’ ends (IDT). The annealed product was purified from 10% polyacrylamide gel. 
The samples for EMSA assay were prepared in 20 μl buffer A (20 mM Tris-HCl, 50 mM NaCl, 
1.5% glycerol, 0.1 mM Mg
2+). 1.78 μM eGFP-gp16 was mixed with 7.5 ng/μl 40bp Cy3-DNA at 
various conditions in the typical fashion. The samples were incubated at ambient temperature for 
20 min and then loaded onto a 1% agarose gel (44.5 mM Tris, 44.5mM boric acid) for 
electrophoresis for 1 hr under 80 V at 4°C. The eGFP-gp16 and Cy3-DNA in the gel was 
analyzed by fluorescent LightTools Whole Body Imager using 488 nm and 540 nm excitation 
wavelengths for GFP and Cy3, respectively.  
Observation of gp16 motion: 
Double-stranded lambda DNA (48kbp) was stretched by forming a tightrope between two 
polylysine coated silica beads (168). The dsDNA was tethered between beads by back-and-forth 
infusion of DNA over the beads for 10 min; the tethering was formed as a result of charge-
charge interactions. The stretched DNA chain was lifted above the surface by the 4 µm silica 
beads. The incident angle of the excitation beam in objective-type TIRF (total internal reflection 
fluorescence) was adjusted to a sub-critical angle in order to image the samples a few microns 
above the surface with low fluorescence background (168). To-Pro-3 was used to confirm the 
formation of the DNA tightropes. After the DNA tightrope was formed, a mixture of 1 nM Cy3-
gp16 with 100 nM unlabeled gp16 in buffer B (25 mM Tris, pH 6.1, 25 mM NaCl, 0.25 mM 
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MgCl2) was infused into the sample chamber for binding to the stretched DNA. After 30 min 
incubation, a solution containing anti-photobleaching mixture (30) was infused into the chamber 
to detect binding. Movies were taken after the chamber was washed with buffer C (25 mM Tris, 
pH 8, 25 mM NaCl, 0.25 mM MgCl2). A comparison was made of washings with buffer C, with 
and without 20 mM ATP. Sequential images were acquired with a 0.2 sec exposure time at an 
interval of 0.22 sec, with a laser of 532 nm for excitation. The movies were taken for about 8 
min, or until the Cy3 fluorophores lost their fluorescence due to photobleaching. Image J 
software was utilized to generate kymographs to show the displacement of the Cy3-gp16 spots 
along the DNA chains.  
Results 
The structure of the hexameric motor 
The essential components of the Phi29 DNA packaging motor include the dodecameric 
channel (also known as the connector) and the ATPase gp16 geared by a ring of RNA. The 
crystal structure of the three-way junction (3WJ) of the pRNA (56), one of the motor 
components, has recently been solved (63) and the hexameric pRNA ring has been constructed 
(Figure 4.1A). AFM images revealed an elaborate, ring-shaped structure consisting of six distinct 
arms representing the six subunits of pRNA (Figure 4.1D).   
Sliding of gp16 out of dsDNA verified by addition of steric blocks to the end of dsDNA  
 When Cy3-dsDNA was mixed with eGFP-gp16, a transfer of energy from the donor 
fluorophore (eGFP) to the acceptor fluorophore (Cy3) was observed, indicating that the protein 
fluorophore is at a close proximity to the dsDNA fluorophore. However, after addition of ATP, 
the Förster Resonance Energy Transfer (FRET) efficiency decreased significantly (Figure 4.2), 
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suggesting that the protein had walked off of the DNA after ATP hydrolysis. In contrast, the 
binding of gp16 to dsDNA was significantly enhanced in the presence of non-hydrolyzable ATP 
analogue, γ-S-ATP, as shown in both gel shift and binding assays. These data support our recent 
report that ATP induces a conformational change in gp16 resulting in a higher binding affinity 
for dsDNA (78). To further verify whether the discharge of gp16 from DNA is simple 
dissociation or a process by which gp16 walks along DNA, we exploited a streptavidin hindrance 
test (Figure 4.3). Two biotin moieties were conjugated to the 3’-ends of the two strands of the 
dsDNA (Figure 4.3). The terminally biotinylated DNA was incubated with streptavidin, which 
binds to biotin and provides a blockade for gp16’s departure. If gp16 dissociates from the DNA 
such that binding is an “on and off” manner, instead of tracking or walking along DNA, 
streptavidin would not be able to block the gp16 discharge and would essentially render the 
addition of the streptavidin useless. However, if gp16 formed a ring and slid along the dsDNA 
helix, streptavidin will effectively block the departure of gp16 from dsDNA. Our results revealed 
that the gp16/DNA/γ-S-ATP complexes remained stable in the presence of ATP when the 
terminally biotinylated Cy3 DNA was pre-incubated with streptavidin, but binding was not 
retained in the presence of ATP and absence of streptavidin. 
Binomial quantification assay revealing one Walker B mutant completely blocks motor 
function 
The Walker A motif of AAA+ proteins has previously been shown to be responsible for 
ATP binding, and the Walker B motif the initiation of ATP hydrolysis (169).  The Walker A 
motif has previously been identified in Phi29 ATPase gp16 (2) and recently we have confirmed 
the presence of the Walker B motif in gp16 by introducing mutation to both motifs and 
performing functional assays (34).  With the cloned mutants to the Walker B motif, the Hill 
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constant was evaluated using capillary electrophoresis of DNA binding affinity to distinguish 
between a sequential or concerted action mechanism.  
In order to elucidate the mechanism of the DNA packaging motor, we had to empirically 
determine the number of copies of inactive Walker B mutant within the hexameric ring that are 
required to block the entire DNA packaging process.  This will partially explain whether the 
action of motor component is sequential or concerted. The minimum number (y) of mutant gp16 
needed to block the packaging within the hexameric ring was predicted with the equation 
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where p and q represent the ratio of wildtype and Walker B mutant gp16, respectively, and p + q 
= 1 (Figure 4.4). Using this expanded binomial, each term represented a different mixed hexamer 
where the exponents of p and q were indicative of the copy numbers of wildtype and mutant in 
each mixed hexamer, respectively.  For example, the term  
 
 
      indicates that the hexameric 
gp16 contains a perfect mix of 3 wildtype and 3 Walker B mutant monomers. Our empirical data 
almost perfectly overlapped with the theoretical curve corresponding to the term  
 
 
     , 
indicating that when y is greater than or equal to 1, the entire complex becomes inactive, 
suggesting that one copy of the Walker B mutant is capable of completely abolishing motor 
activity.  
Motor ATPase tightly clinched dsDNA after binding to ATP and subsequently pushed the 
dsDNA away after ATP hydrolysis 
Similar to the AAA+ motor proteins that undergo a cycle of conformational changes 
during their interaction with ATP and adaptation of two distinct states, Phi29 motor ATPase also 
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exists in either a high or low affinity for the DNA substrate. Recently, it has been qualitatively 
demonstrated via electrophoretic mobility shift assays (EMSA) (78) that the motor ATPase 
gp16’s affinity towards dsDNA increases in the presence of γ-S-ATP, but remains low in the 
presence of ADP, AMP, or no nucleotide. To get quantitative information about the different 
binding states of gp16, we utilized a CE assay that allowed for direct quantification of the 
amount of DNA bound to gp16. At increasing concentrations of γ-S-ATP, the amount of bound 
DNA increased progressively, indicating that gp16 transitioned from a state in which binding to 
DNA was unfavorable to one in which binding was preferred (Figure 4.5A). The regression plot 
of dissociation constant (Kd) for dsDNA versus concentration of γ-S-ATP indicated that the 
affinity of gp16 for substrate increased 40 fold in saturating amounts of γ-S-ATP (Figure 4.5B). 
This significant increase strongly suggests that the species that binds to DNA is the gp16-ATP 
complex and the gp16 binds first to ATP and secondly to DNA, as also suggested in the previous 
report (78). However, adding ADP, even at non-physiological conditions (up to 6 mM), failed to 
promote an increase in dsDNA binding affinity (Figure 4.5C). Furthermore, the amount of DNA 
bound to g16 was comparable to the situation in which no nucleotide was added. These 
observations indicate that gp16 cycles through states of ATP binding/DNA loading and ATP 
hydrolysis/DNA release or pushing. The conclusion was also supported by the finding that 
addition of normal ATP to the gp16/DNA/γ-S-ATP complex promoted the departure of the 
dsDNA from the complex (Figure 4.7). 
Only one molecule of ATP is sufficient to generate the high affinity state for DNA in the ring 
of the motor ATPase. 
Next, we sought the answer to how many nucleotides were required for gp16 to generate 
the high affinity state for dsDNA; in other words, how many subunits need to bind to ATP in 
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order for the gp16 hexamer to stably associate to dsDNA. This information is useful to 
understand how the hexameric complex of gp16 utilizes the substrate in order to generate 
unidirectional DNA translocation. AAA+ proteins are typically organized into a homo-
oligomeric assembly where each component contains the recognition motifs required for binding 
of the substrate. In principle, one can imagine that each subunit can bind to the substrate 
independently from the others; however, such an arrangement can lead to futile cycles of ATP 
consumption. Two major configurations can be hypothesized to avoid the above described 
scenario.  Firstly, it may be possible that the binding sites for the substrate consist of the same 
recognition motifs in all the subunits, and in this case, all subunits can bind at the same time to 
the substrate. In this hypothetical situation, it is intuitive to imagine that a form of coordination 
among the subunits must also exist at the level of ATP hydrolysis, since the most effective 
mechanism of translocation would allow all subunits to hydrolyze at the same time 
corresponding to an exodus of the dsDNA substrate. The second possibility is that DNA is bound 
at any given time to only one subunit of the oligomer, and after the cycle of ATP hydrolysis is 
terminated in the specific subunit that binds DNA, the substrate is then passed to the next subunit 
in the high ATP affinity state in order to initiate another cycle of hydrolysis. To distinguish 
between these two scenarios, we analyzed the amount of DNA bound to gp16 by keeping the 
concentration of gp16 and DNA constant and varying the concentration of γ-S-ATP in the 
reaction mixture (Figure 4.5D).  If more than one γ-S-ATP per oligomer of gp16 is required to 
generate the high affinity state for DNA in the protein, the plot would show a cooperativity 
profile, with the Hill coefficient representing the amount of γ-S-ATP required to be bound to 
gp16.  Our data exhibits no cooperativity in binding (Hill coefficient = 1.5) indicating that all of 
the subunits of gp16 are not required to be bound to γ-S-ATP to stabilize binding to DNA.  
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In principle, a Hill coefficient close to one indicates that only one γ-S-ATP-activated 
subunit in the oligomer is required for DNA binding or that the binding of DNA is progressively 
increased with the number of subunits that are bound to γ-S-ATP. To overcome this argument, 
we performed an experiment similar to the CE assay described above. The complex of gp16-
DNA was assembled in the presence of saturating conditions of γ-S-ATP. After the complex 
formed, increasing amounts of ADP were added in order to compete with γ-S-ATP for the active 
sites of gp16 and to ultimately promote the release of DNA. The results exhibited a remarkably 
cooperative behavior (Figure 4.5E,F). From the fractional inhibition plot we extrapolated a Hill 
coefficient close to 6, indicating that 6 molecules of ADP must be bound to gp16 before dsDNA 
can be released from the protein. This indicates that only one ATP bound subunit is able to stably 
bind DNA and prevent ADP mediated release. Furthermore, our results indicate that gp16 most 
likely binds to dsDNA at only one subunit per round of ATP hydrolysis. As mentioned above, a 
Hill coefficient close to one indicates that binding of DNA is progressively increased with the 
number of subunits that are bound to γ-S-ATP. However, the 3.6-nm diameter of the motor 
channel, as measured from the crystal structure (16, 29), suggests that only one dsDNA can be 
bound within the channel; indicating that dsDNA shifts to a subsequent gp16 subunit upon 
release of the former. In combination with the finding that one Walker B mutant gp16 was found 
to be sufficient to block the motor for DNA packaging, these results support the model that the 
motor ATPase works sequentially, and upon ATP hydrolysis the subunit of the ATPase gp16 
assumes a new conformation and pushes dsDNA away from the subunit and transfers it to an 
adjacent subunit (Figure 4.7). 
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Mixed oligomer between wildtype and mutants display negative cooperativity and 
communication between the subunits of gp16 oligomer 
 The fact that dsDNA only binds to one gp16 subunit at a time suggests that gp16 
undergoes cooperativity during translocation. To verify this hypothesis we analyzed ATPase 
activity by studying the effect on the oligomerization of gp16 when mutant subunits were 
introduced (62, 117). If we assume communication between the subunits of the ATPase, the 
effect on the ATPase activity mediated by one inactive subunit should be higher than the simple 
sum of the ATPase activity of the single subunit. When the ATPase activity was measured in the 
absence of dsDNA, increasing amounts of Walker B mutants added to the overall oligomer of 
gp16 failed to provide any significant effect on the rate of hydrolysis (Figure 4.6A,C), suggesting 
that each subunit of gp16 is able to hydrolyze ATP independently. On the contrary, when 
saturating amounts of dsDNA were added to the reaction, we observed a strong negative 
cooperative effect with a profile that mostly overlapped with the one predicted for the case in 
which one single inactive subunit is able to inactivate a whole oligomer (Figure 4.6B,D); a 
predicted case calculated from a binomial distribution inhibition assay (62, 117). The results 
suggest that in the presence of dsDNA, a rearrangement occurs within the subunits of gp16 that 
enables them to communicate between each other and “sense” the nucleotide state of the 
reciprocal subunit. The fact that dsDNA needs to be present in the reaction indicates that dsDNA 
binds to the inactive subunit during the catalytic cycle and remains bound to it, which generates a 
stalled ATP hydrolysis cycle. This observation supports the idea that only the subunit that is 
binding to the substrate at any given time is the one that is permitted to hydrolyze ATP, thus 
performing translocation while the other subunits are in a type of ‘stalled’ or ‘loaded’ state.  The 
scenario suggests an extremely high level of coordination on the function of the protein, which is 
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likely the most efficient process to couple energy production with DNA translocation via ATP 
hydrolysis. An effective mechanism of coordination is apparent between gp16 and dsDNA using 
the hydrolysis cycle as means for regulation. 
Direct observation of multiple ATPase gp16s lining up in queue along dsDNA as the initiation 
step in DNA packaging 
 The standard notion derived from extensive investigation of viral packaging motors is 
that the ATPase binds to the procapsid to form a procapsid/ATPase complex as the first step of 
motor action in DNA packaging (110, 170). To investigate the sequence of interaction between 
motor components during DNA packaging, a fluorescent Cy3-conjugated gp16 was used to 
visualize the protein. Interestingly, we found that the first step in DNA packaging was the 
binding of multiple gp16 queued along the dsDNA, as observed by single molecule imaging 
(Figure 4.8 Part I) and by binding affinity studies. Moreover, negatively stained electron 
microscopy images have been taken of a multimeric gp16 complex along long genomic DNA 
(Figure 4.8 Part II), lending further support to our conclusions.   
 DNA tightropes were constructed (168), which not only generated a straight DNA chain, 
but also lifted the DNA a few microns away from the surface of the slide within the sample 
chamber. Background fluorescence from non-specific binding of Cy3-gp16 to the surface of the 
slide was therefore eliminated when the focus of the imaging plane was at the Cy3-gp16 
molecules on the DNA chains.  A string of multiple Cy3 spots representing Cy3-gp16 complexes 
were bound along the DNA chains (Figure 4.8 Part I A-C, E, F). In the absence of DNA, a Cy3 
signal was not observed between the polylysine beads (Figure 4.8 Part I D), indicating that the 
queued Cy3 signals were truly from the multiple Cy3-gp16 bound to the DNA chains. The 
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results suggest that ATPase gp16 lines up in a queue along dsDNA as the initiation step in DNA 
packaging. This data is in accordance with another study whose results showed that when 
complexes of procapsid containing partially packaged dsDNA were isolated by sucrose 
sedimentation, conversion of the complexes to complete the DNA packaging process required 
ATPase gp16, but not pRNA (46).  The same publication also indicated that multiple gp16, but 
only a single hexameric pRNA, was required for packaging (46).        
 It has been previously reported that the terminases of viral DNA packaging motors bind 
to procapsids, although with an extremely low affinity and efficiency (17, 60, 110, 170-172).  
Our finding that gp16 binds to dsDNA first and then moves along dsDNA before reaching and 
binding to the procapsid is not contradictory to previous findings, rather a further refinement of 
the previous understanding. We hypothesize that gp16 contains two domains, one for dsDNA 
binding and one for connector/procapsid binding.  In the absence of genomic DNA, gp16 will 
bind to procapsid, albeit at a lower affinity. The key to understanding the sequence of interaction 
is based on the relative affinity of the protein for its substrate. Gp16 has a higher binding affinity 
for genomic DNA compared to that of the procapsid (Figure 4.9). In the absence of dsDNA, 
gp16 and other terminases bind to the procapsid (110). However, in the presence of genomic 
DNA, gp16 and other terminases prefer to bind to genomic DNA and track along it until 
reaching their final destination, the components of the procapsid, and translocated.  
To confirm this hypothesis, we further investigated the interaction of ATPase gp16 with the 
procapsid (Figure 4.9). We discovered that gp16 had the tendency to bind to all kinds of 
substrate, including nonspecifically to the procapsid. No significant difference was observed 
during the formation of the procapsid/gp16 complex in the presence or absence of pRNA (Figure 
4.9), which has been reported to serve as the bridge for gp16 binding to procapsid (60). The 
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estimated dissociation constant was calculated and gp16 was found to have a 10-fold higher 
affinity for dsDNA than for the prohead/pRNA complex. Although the ATPase is hypothesized 
to contain both dsDNA and procapsid binding domains, it is suggested that the ATPase prefers to 
bind to the procapsid only after tracking along the genomic DNA; that is, gp16 prefers to bind to 
genomic DNA first before reaching the procapsid.   
Direct observation of ATP-dependent motion of gp16 along dsDNA in real-time by single 
molecule fluorescence imaging 
 The motion of gp16 along the lifted dsDNA tightrope was observed by single molecule 
fluorescence imaging. Sequential images were taken after washing with different buffers to 
illustrate the displacement of Cy3-gp16 over time. When the sample was washed with a buffer, a 
total of 195 Cy3-gp16 spots were studied. In the absence of ATP, the vast majority of these Cy3-
gp16 spots did not show any motion along the DNA chain. After 20 mM ATP was added to the 
washing buffer, active motion of eGFP-gp16 along the dsDNA was observed, as shown by the 
sequential images (Figure 4.8 Part I G) and kymographs (Figure 4.8 Part I H).  
Translocation of dsDNA helix by revolution without involvement of coiling or tension force  
It has previously been demonstrated that the connector is a one way valve (41, 44, 78) 
that only allows dsDNA to move into the procapsid, but does not allow movement in the 
opposite direction. Gp16, which is bridged by pRNA to associate with the connector, is expected 
to be the pushing force (Figure 4.10A).  The binding of ATP to one subunit stimulates gp16 to 
adapt a conformation with high affinity for dsDNA, while ATP hydrolysis forces gp16 to assume 
a new conformation with lower affinity for dsDNA, thus pushing dsDNA away from the subunit 
and transferring it to an adjacent subunit (Figure 4.10). Since the contact of the connector with 
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dsDNA chain is transferred from one point on the phosphate backbone to another, rotation of the 
hexameric ring or the dsDNA is not required. One ATP is hydrolyzed in each transitional step, 
and six ATPs are consumed for one cycle to translocate dsDNA one helical turn of 360

 (10.5 
base pairs). The binding of gp16 to the same phosphate backbone chain, but at a location 60 
different from the last subunit, urges dsDNA to move forward 1.75 base pairs (10.5 bp per turn ÷ 
6 ATP = 1.75 bp/ATP), agreeing with the 2 bp/ATP(2) or 1.8 bp/ATP previously quantified 
empirically(142). 
Translocation of dsDNA helix by revolution through the 30°-tilted connector subunits 
facilitated by anti-parallel displacement between dsDNA helix and the connector portal 
protein   
 Extensive research has also been undertaken to understand the role of the connector 
during packaging, especially after the crystal structure of the connector had been elucidated. An 
interesting phenomenon was observed. All 12 subunits of the connector protein tilt at a 30
o
 
angle, in a configuration anti-parallel to the dsDNA helix during packaging, to form the channel 
(16, 29). The anti-parallel arrangement can be visualized from an external viewpoint in which 
dsDNA propels through the connector potentially making contact at every 30° subunit (Figure 
4.11). This anti-parallel arrangement tends to argue against the bolt and nut mechanism. This 
structural arrangement greatly facilitates controlled motion, supporting the conclusion that 
dsDNA revolves through the connector channel without producing a coiling or torsion force, and 
touching each of the 12 connector subunits in 12 discrete steps of 30° transitions for each helical 
pitch (360° ÷ 12 = 30°) (Figure 4.11D).  Moreover, the 30° angle of each connector subunit 
coincides nicely with the crystal structure of the spiral cellular clamp loader and the grooves of 
dsDNA (154, 173). Nature has created and evolved a clever rotating machine to reduce the 
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torque force and to translocate the DNA double helix which actually avoids the difficulties 
associated with rotation such as DNA supercoiling seen in many other processes.  
Discussion 
A rotation mechanism of viral DNA packaging motor has long been proposed (12) and is 
well-liked by the scientific community. However, studies combining the methods of single-
molecule force spectroscopy with polarization-sensitive single-molecule fluorescence trap (19) 
have suggested that the connector does not rotate. The suggestion of non-rotation by the 
connector was further supported by the experiment in which the connector was covalently linked 
to the capsid protein of the procapsid (20, 21). When the connector and the procapsid protein 
were fused to each other, rotation of the connector within the procapsid was not possible. 
However, the motors were still active in packaging, implying that connector rotation is not 
necessary for DNA packaging. Furthermore, since the connector does not rotate, there is no 
reason to believe that gp16 will rotate since the gp16 ring is tightly bound to the pRNA ring (60) 
that is immobilized to the external end of the stationary connector. The finding that phi29 DNA 
packaging motor utilizes a revolution instead of rotation mechanism is in a good agreement with 
all data reported in the history.  Since the revolution mechanism is independent of stoichiometry 
and motors with different oligomeric ATPase subunits all can execute the revolution mechanism 
the discovery of the revolution mechanism might reconcile the stoichiometry discrepancy among 
many phage systems for which the ATPase was found to be present as tetramer(164), hexamer 
(3, 27, 28, 30, 30-32, 63, 166), and nonamers (174).   
The connector was recently revealed to only allow for unidirectional movement of 
dsDNA (41), and a model using a “push through a one-way valve” mechanism was described 
82 
 
(44, 78) which is in accordance with the previously proposed ratchet (103) and compression 
(104, 105) models.  This mechanism describes dsDNA being pushed by the ATPase gp16 
through the connector which functions as a valve to prevent DNA from reversing out of the 
capsid during the packaging process (38, 39, 84, 106). The finding of a revolution hexamer 
mechanism is seemingly contradictory to the publications reporting the existence of four bursts 
of translocation per helical turn of genomic B-type dsDNA (15, 86). Although there was much 
discrepancy in step size and pulse, the data for the four step pause looks quite strong. To address 
the inconsistencies, we investigated the mechanism of the generation of the four pause steps and 
found that the four steps of pauses were caused by the dsDNA revolving through the four lysine 
rings (175) (conditionally accepted). Connector crystal analysis (16, 29) has revealed that the 
dominantly negatively charged phi29 connector interior channel surface is decorated with 48 
positively charged lysine residues existing as four 12-lysine rings derived from the 12 protein 
subunits that enclose the channel. It has been proposed that these electropositive lysine residues 
interact with the electronegative phosphate backbone of DNA during DNA translocation through 
the channel (16, 29). Although the lysine residues were not found to be essential for DNA 
entry(33, 44), the four positively charged residues have been shown to influence more or less the 
DNA translocation speed (44, 176, 177).  
Based on the crystal structure (16, 29), the length of the connector channel is ~7 nm. The 
interior of the channel is negatively charged and four lysine rings (K200, K209, K234, and 
K235) are scattered as four rings inside the channel. Vertically, these four lysine layers fall 
within a 3.7 nm (16, 29) range and are spaced approximately ~0.9 nm apart ((~3.7 nm)⁄4=~0.9 
nm). Since lysine residues K234 and K235 lie in the inner loop of the connector between 
residues 229 to 246, of which the residues were missing in the crystal structure, the two residues 
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close to the boundary of the inner loops were used to estimate their location. Since B-type 
dsDNA has a pitch of 0.34 nm per base pair as a rise along its axis, 0.9 nm ÷ 0.34 nm.bp
-1
 = ~2.6 
bp per rise. This value agrees with the aforementioned finding that DNA packages in four 2.5 bp 
steps for each helical turn (15, 86). We suggest that the four distinct, alternating positively and 
negatively charged property of the channel wall alters the speed of DNA translocation and results 
in four steps of pause during revolution advancement (175). Thus the revolution mechanism is 
not contradictory to the finding of four steps of pause. However, the authors interpreted their 
solid findings of pauses as five motor subunits with one subunit inactive resulting in four steps of 
burst, a model that is seemly novel but does not exist.     
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Figures 
 
 
 
Figure 4.1. Depiction of structure and function of phi29 DNA-packaging motor. (A) Model 
of hexameric pRNA based on crystal structure and the 30
°
 tilting of the channel subunits of the 
connector; (B) DsDNA showing the change of 30
°
 angle between two adjacent connector  
subunits; (C) Connector showing the change of 30
°
 angle between two adjacent connector  
subunits;  (D) AFM images of  the hexameric pRNA with 7-nt loops.  
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Figure 4.2. FRET Assay of fluorogenic ATPase and short dsDNA. eGFP-gp16 was incubated 
with Cy3-DNA and with (blue line) and without ATP (red line) and excited at 480 nm. Energy 
transfer occurs between the two fluorophores indicating the gp16 and DNA are in close 
proximity. 
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Figure 4.3. Differentiation of gp16 walking along or dissociating from dsDNA by EMSA 
using terminally-hindered short dsDNA with two biotin at both ends. Fluorogenic Cy3-
dsDNA was incubated with GFP-gp16, non-hydrolyzable γ-S-ATP and streptavidin in different 
combinations. The complexes were then electrophoresed through an agarose gel and scanned for 
Cy3 fluorescence of DNA and GFP fluorescence of gp16. 
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Figure 4.4. Binomial distribution assay to determine the minimum number (y) of Walker B 
mutant eGFP-gp16 in the hexameric ring to block the motor activity. The equation   
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Figure 4.5. Data demonstrating only one γ-S-ATP is sufficient to bind to one subunit of the 
hexameric gp16 complex and promote a high affinity state for dsDNA. Sequential binding of 
gp16 for dsDNA substrate involves γ-S-ATP substep. (A) The Kd for dsDNA in the presence 
(triangles) and absence (squares) of γ-S-ATP. (B) The relative Kd of gp16 decreased 40-fold as 
the concentration of γ-S-ATP increased from 0 mM to 1 mM. (C) ADP, a derivative of ATP 
hydrolysis, was unable to promote binding and had the similar effect as no nucleotide addition. 
The hyperbolic curve (D) suggests a cooperativity factor of 1, indicating that one γ-S-ATP is 
sufficient to produce the high affinity state of gp16 for DNA. DNA releases from the complex 
DNA-gp16-γ-S-ATP mediated by ADP (E), forming a sigmoidal curve (F) with a cooperativity 
factor of 6 indicating that all 6 subunits of gp16 need to be bound to ADP to release DNA from 
the protein. 
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Figure 4.6. ATPase inhibition assay of Walker B mutants reveal complete negative 
cooperativity. The inhibition ability of the Walker B mutants E119A and D118E/E119D was 
assayed by ATPase activity to determine the theoretical model in the absence (left) and presence 
(right) of dsDNA.  In the presence of DNA (right), the experimental data (solid line) overlapped 
with the theoretical curve indicating that one inactive subunits (dotted line) within the hexamer 
are able to completely block the activity of the hexameric gp16 and abolish gp16’s ability to 
hydrolyze ATP, demonstrating negative cooperativity. The dashed line is the theoretical curve 
representing two inactive subunits are necessary for complete inhibition of the hexamer.   
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Figure 4.7. Schematic of gp16 binding to DNA and mechanism of sequential revolution in 
translocating genomic DNA. The connector is a one way valve that allows dsDNA to move into 
the procapsid, but does not allow movement in the opposite direction. Gp16, which is bridged by 
pRNA to associate with the connector, is the pushing force. The binding of ATP to one subunit 
stimulates gp16 to adapt to a conformation with a higher affinity for dsDNA. ATP hydrolysis 
forces gp16 to assume a new conformation with a lower affinity for dsDNA, thus pushing 
dsDNA away from the subunit and transferring it to an adjacent subunit. DsDNA moves forward 
1.75 base pairs when gp16 binds at a location 60
o
 different from last subunit on the same 
phosphate backbone chain. Rotation of the hexameric ring or the dsDNA is not required since the 
dsDNA chain is transferred from one point on the phosphate backbone to another. In each 
transitional step, one ATP is hydrolyzed, and in one cycle, six ATPs are required to translocate 
dsDNA one helical turn of 360
o
 (10.5 base pairs).  
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Figure 4.8. Direct observation of ATPase complex queued and moving along dsDNA. Part 
I. Cy3 conjugated gp16 was incubated with (A, B, E) and without (D) phi29 genomic dsDNA, 
tethered between two polylysine beads where (C, F) are magnified images of the framed regions 
of (B, E), respectively. (A-C) are overlapped pseudocolor images indicating the binding of Cy3-
labeled gp16 along the To-Pro-3 stained dsDNA chain (Red: Cy3-gp16; Green: To-Pro-3 DNA). 
(G, H) The motion of the Cy3-gp16 spot was analyzed and a kymograph was produced to 
characterize the ATPase walking. Part II. Negatively-stained transmission electron 
microscopy images of ATPase queued along dsDNA. gp16 was bound to non-specific dsDNA 
in queue. Part III. Recording of two Cy3-gp16/dsDNA complexes showing motionless gp16 
spots in a buffer containing no ATP. (A) Sequential images of the recording. (B) Kymograph 
of the two spots. 
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Figure 4.9. Comparison of binding affinity of gp16 to dsDNA and procapsid/pRNA 
complex using sucrose sedimentation. Ratio of prohead-bound and DNA-bound gp16 under 
different treatments where the percent of bound gp16 to total gp16 is expressed, showing gp16’s 
affinity to DNA is much greater than to prohead/pRNA complex. 
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Figure 4.10. Mechanism of sequential revolution in translocating genomic DNA. Connector 
is a one way valve (12, 19, 112) that allows dsDNA to move into the procapsid but does not 
allow movement in the opposite direction. Binding of ATP to one gp16 subunit stimulates it to 
adapt a conformation with higher affinity for dsDNA. ATP hydrolysis forces gp16 to assume a 
new conformation with lower affinity for dsDNA, thus pushing dsDNA away from this subunit 
and transferring it to an adjacent subunit. Binding of gp16 to the same phosphate backbone chain 
but at a location 60° different from last subunit urges dsDNA to move forward 1.75 base pairs. 
Since the dsDNA chain is transferred from one point on the phosphate backbone to another 
point, the rotation of the hexameric ring or the dsDNA is not required. (C) The revolution of 
dsDNA along the 12 subunits of the connector channel. 
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Figure 4.11. DNA revolves and transports through 30° tilted connector subunits facilitated 
by anti-parallel helices between dsDNA helix and connector protein subunits. The anti-
parallel configuration can be visualized in an external view (A) in which DNA revolves through 
the connector making contacts at every 30° subunit (B,C). A planar view is suggested (D) in 
which DNA is advanced and travels along the circular wall of the connector channel with no 
torsion or coiling force through the connector channel touching each subunit translating to 12 
discrete steps of 30° revolving turns for each step. 
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Chapter 5. Current State of DNA Packaging Field and Future Directions 
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Future Directions of Current Research 
The mechanism of DNA packaging has been well-described throughout the duration of 
this thesis.  However, it is imperative to determine whether this mechanism is ubiquitous among 
other phages and other members of the AAA+ superfamily of ATPase.  In order to do this, 
similar experiments should be performed on the ATPases of such phages as T4, Spp1, T7, and 
others.   
Furthermore, the experiments presented within this thesis should be verified using other 
techniques.  Primarily, the full crystal structure of the ATPase should be examined.  Despite 
continuing efforts, the ATPase has not been crystallized due to its insoluble nature and tendency 
to form different oligomers in solution.  A pioneering approach is to co-crystallize the protein 
with DNA and the non-hydrolyzable ATP analog, γ-S-ATP. Crystallization has been at the 
forefront of determining the stoichiometry of biomolecules; however, recently, cryo-electron 
microscopy has been making a surge in this regard.  Cryo-EM reconstructions of the phi29 
ATPase have been elucidated on the vertex of the portal vertex (15); however, this technique 
assumes stoichiometry based on the five-fold stoichiometry of the vertex.  It would be interesting 
to use cryo-EM on the ATPase in solution rather than complexed with the rest of the phage.   
Another approach to determine cooperativity in ATP and DNA binding is to use surface 
plasmon  resonance (SPR).  This technique allows for simple quantification of the dissociation 
constant between two biomolecules.  With this approach, the calculated dissociation constant 
obtained from capillary electrophoresis quantification can be verified in relation to the Walker A 
and Walker B mutants with and without addition of DNA.  This will confirm the existence of 
cooperativity in the ATPase and validate our revolution “push through a one-way valve” 
mechanism of DNA translocation.   
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State of DNA Packaging Field  
The field of DNA packaging has thrived for over 40 years and many advances in the 
basic science have been achieved. Major components have been identified and mechanisms have 
been determined.  However, advances that translate to medicinal and technology purposes have 
yet to be reached.  There are many potential areas in which the science could translate to 
application such as targeted gene therapy and viral assemblyinhibition.   
 Over the years, studies on the DNA packaging motor have primarily focused on 
fundamental aspects including structure, biological/biochemical function, and mechanical or 
physical behaviors of the viral motor or its components for genome packaging. More recently, 
these powerful viral motors have inspired novel biomimetic designs that have opened up 
possibilities for building artificial nanomotors operable outside their natural environment for use 
in nanodevices, and nanomedicine, including the sensing of ions, chemicals, or DNA/RNA (16, 
40-42, 45, 136, 178), and targeted gene delivery or drug loading (179, 179, 180, 180-185).  A 
thorough understanding of how the motor components interact with each other during the 
packaging process and how the energy from ATP hydrolysis is transferred into physical motion 
would provide valuable insights into fundamental phenomena and the development and 
application of nanomotor biomimetics. In addition, possible novel targets for antiviral therapy 
could be discovered based on the studies of the viral DNA packaging mechanism (186-189). 
Utilizing motor components in nanotechnology and/or disease treatments has also been actively 
pursued (40-42, 45, 179-185).  To continue research on DNA packaging into the future and 
advance medicine in the future, these approaches should be better targeted.  
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